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NEDERLANDSE SAMENVATTING 
 
In dit doctoraatsonderzoek is onderzoek gedaan naar de (her)verwerking en de 
karakterisering van polymeer/klei nanocomposieten geproduceerd door 
dubbelschroefextrusie. Dit onderwerp werd na een uitgebreide literatuurstudie 
specifiek toegespitst op de volgende onderzoeksvragen: (i) Wat zijn de optimale 
verwerkingsparameters en materiaalsamenstellingen voor de productie van 
polymeer/klei nanocomposieten? In welke mate veranderen de eigenschappen van 
de polymeer matrix door toevoeging van deze kleipartikels? (ii) Hoe beïnvloedt de 
schroefconfiguratie de eigenschappen van polymeer/klei nanocomposieten? (iii) Wat 
is het effect van herverwerking op de eigenschappen van polymeer/klei 
nanocomposieten? 
 
De productie van polymeer/klei composieten werd uitgevoerd binnen volgende 
grenzen: Het commercieel meest interessante polymeer polypropyleen (PP) werd 
gekozen als matrix materiaal; slechts één type klei werd gebruikt, meer bepaald 
gemodificeerd montmorilloniet (MMT); en PP-g-MA (maleïnezuuranhydride 
gegraft polypropyleen) werd toegevoegd als compatibilizer.  
 
Dit onderzoek werd stapsgewijs aangepakt. In een eerste stap werd de haalbaarheid 
van het extruderen van PP-MMT composieten bekeken en werden hun 
eigenschappen (mechanisch, morfologie, fysico-chemisch en rheologisch)  
geoptimaliseerd door het veranderen van de verwerkingsparameters en 
materiaalsamenstellingen. De tweede stap bestond erin deze ‘geoptimaliseerde’ 
eigenschappen nog verder te verbeteren op twee manieren: (i) aanpassen van de 
schroefconfiguratie en (ii) x-aantal keren herverwerken van dezelfde composieten. 
Deze aanpak wordt nu concreet beschreven.  
 
Eerst werd het dubbelschroefextrusieproces voor de productie van PP-MMT 
composieten bestudeerd en werd de invloed van de verschillende extrusie 
parameters (schroefsnelheid, voeding en temperatuur) en de samenstelling van de 
verschillende composieten (PP, MMT en compatibilizer) onderzocht. De 
exfoliatie/intercalatie van de nanoklei werd getoetst aan de hand van de 
elasticiteitsmodulus van de verschillende composieten. Uit deze resultaten bleek dat 
de stijfheid van de composieten verhoogde door het gebruik van een lagere 
schroefsnelheid en een lagere temperatuur. Een ratio van 2:1 compatibilizer tot klei  
resulteerde in de beste mechanische eigenschappen. 
 
Vervolgens werden deze PP-MMT composieten ten gronde gekarakteriseerd op hun 
verschillende eigenschappen. De mechanische eigenschappen vertoonden een 
maximale stijfheid bij 4 m% MMT. Het meten van kleinere diffractie hoeken door 
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X-stralen diffractie gaf een toename in afstand (intercalatie) tussen de kleilagen aan 
in vergelijking met zuivere klei. Daarnaast werd de kristalmorfologie van PP 
bekeken. Hieruit bleek dat de toevoeging van de kleipartikels resulteerde in kleinere 
kristallen veroorzaakt door heterogene nucleatie. Een CT-scan techniek werd 
gebruikt om de verdeling van de partikels op micrometer niveau te bekijken. De klei 
was uniform verdeeld over de matrix, maar er waren nog steeds agglomeraten tot 
50µm waarneembaar. Ten slotte toonden de reologische metingen aan dat de  
nulviscositeit sterk toenam door toevoeging van de klei. Bij hogere 
afschuifsnelheden daarentegen vertoonde de smelt een sterker pseudoplastisch 
gedrag.  
 
Deze resultaten leidden tot een “referentie” PP-MMT die in al zijn facetten goed 
gekarakteriseerd was. Deze referentie diende vervolgens als basis om in een tweede 
stap de resterende onderzoeksvragen te onderzoeken. 
 
Alvorens deze resterende vragen te beantwoorden, werd onderzoek gedaan naar de 
modellering van dubbelschroefextrusie. Er werd gebruik gemaakt van een 
bestaand model dat uitgaat van de polymeereigenschappen, machine instellingen en 
schroef (en matrijs) geometrie. Dit model werd eerst theoretisch beschreven en 
vervolgens toegepast op de aanwezige dubbelschroefextruder. Hieruit bleek dat 
restrictieve elementen een belangrijke rol spelen in het smeltgedrag, drukprofiel, 
verblijftijd en mengcapaciteit van een extruder. 
 
Door het gebruik van dit model was het mogelijk een snelle evaluatie te maken van 
het verwerkingsgedrag van een bepaalde schroefconfiguratie. Deze tool werd dan 
ook gebruikt om de invloed van het schroefprofiel op de eigenschappen van PP-
MMT composieten mee te bepalen. Verschillende schroefprofielen werden 
geselecteerd en zowel numeriek als experimenteel geëvalueerd. Het aantal en de 
positie van negatieve kneedelementen varieerden in de opbouw van deze 
configuraties. De mechanische en morfologische eigenschappen werden 
experimenteel bepaald, maar er konden geen significante verschillen waargenomen 
worden, zowel voor de referentie PP-MMT als voor een monster met 2 m% klei. Er 
werd verondersteld dat de finale staat van intercalatie al bereikt werd in de 
smeltzone van de extruder. Daarenboven bleken de verschillen tussen de schroeven 
te klein om extra exfoliatie van de klei mogelijk te maken. Dit fenomeen is 
voornamelijk afhankelijk van de schroefsnelheid, voeding en de specifieke 
toegevoegde mechanische energie.  
 
Ten slotte werd het effect van herverwerking (meerdere opeenvolgende extrusies) 
op de eigenschappen van PP-MMT bestudeerd. Uit een literatuurstudie werd 
duidelijk dat de rol van PP-g-MA en de degradatie van de gemodificeerde klei bij 
herverwerking niet in detail onderzocht werden. Onderzoek met X-stralen diffractie 
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gaf een toename in afstand tussen de kleilagen aan, met de grootste sprong tussen 3 
en 5 extrusies. Dit kwam overeen met een maximale stijfheid gemeten op stalen die 
eveneens 3 tot 5 maal geëxtrudeerd werden. Tegelijkertijd werd er ketenbreuk 
vastgesteld in de PP matrix, gekatalyseerd door de polaire functionele groepen in de 
compatibilizer. De aanwezigheid van MMT in de PP-MMT stalen verminderde 
echter deze ketenbreuk door sterische hinder. Dit werd vastgesteld door 
viscositeitsmetingen en SEM beelden van de microstructuur. Bij verdere extrusie 
(9+) werd een vermindering in stijfheid vastgesteld. Dit werd toegeschreven aan een 
verminderde interactie tussen matrix en vulstof door een degradatieproces in de klei. 
Dit werd met behulp van TGA metingen aangetoond. Beperkte herverwerking van 
PP/MMT composieten kan dus een meerwaarde bieden in zowel mechanische 
eigenschappen als graad van intercalatie. 
 
Algemeen demonstreerde dit doctoraatsonderzoek de mogelijkheden van PP-MMT 
composieten. In het bijzonder de stijfheid van materialen kan sterk verhoogd 
worden. Er werd immers een maximale toename van 56% gemeten na vier extrusie 
cycli. 
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ENGLISH SUMMARY 
 
This doctoral research has focused on the processing and the characterization of 
polymer/layered silicate nanocomposites through the technique of twin-screw 
extrusion. This research topic was narrowed down to the following research 
questions based upon an extensive overview of the available state-of-the-art: (i) 
What are the optimum processing parameters and material compositions for the 
production of polymer/layered silicate nanocomposites? How do the properties of 
the polymer matrix change upon addition of layered silicates? (ii) How does the 
twin-screw configuration affect the properties of polymer/layered silicate 
nanocomposites? (iii) What is the effect of reprocessing on the properties of 
polymer/layered silicate nanocomposites? 
 
This research investigated the production of polymer/layered silicates within the 
following boundaries: The polymer material was limited to polypropylene, as this is 
commercially the most interesting polymer; one type of layered silicate was used in 
this research, namely a commercial type of the phyllosilicate montmorillonite; and 
PP-g-MA was chosen as compatibilizer. 
 
In this doctoral research, a two-step approach has been used. The first step was to 
explore the feasibility of producing PP-MMT and optimizing their properties 
(mechanical, morphological, physical-chemical and rheological) by changing the 
processing parameters and material compositions. The second step in this research 
was to yet improve these ‘optimized’ properties in two possibly ways: (i) variation 
in screw configuration and (ii) reprocessing the same compounds multiple times. 
This two-step approach will now be described in detail. 
 
Firstly, the possibilities of producing PP-MMT compounds on the available 
machinery was investigated and the effect of different extrusion processing 
parameters (screw speed, temperature) and compositions of the starting materials 
(PP, MMT, compatibilizer) was studied. The exfoliation/intercalation of the 
nanoclay was assayed by simply comparing the Young’s modulus of the different 
materials. These results indicated that the stiffness of the composites could be 
favoured by using a low screw speed, low barrel temperature and a fixed feed rate. It 
was found that the ratio of 2:1 coupling agent to nanoclay resulted in the best 
mechanical properties. 
 
Secondly, the PP-MMT compounds were characterized in-depth for different 
compositions. The mechanical properties showed a maximum in stiffness at 4 wt% 
MMT.  X-ray diffraction proved, by measuring lower diffraction angles, an increase 
in basal spacing between the silicate layers (intercalation) in comparison to virgin 
Twin-screw extrusion of MMT filled PP : (re)processing and characterization 
 
 viii 
MMT. Morphological characterization of the crystalline structure indicated smaller 
crystal sizes with the addition of MMT due to heterogeneous nucleation. A 
visualization of the filler distribution was made using a CT-scan technique 
indicating a good distribution on micrometer scale. Finally, the rheological 
properties were investigated and it was found that the zero shear viscosity was very 
dependent on the addition of MMT, while a more pronounced shear thinning 
behaviour could be observed in the higher shear rate region. 
 
These results yielded a “reference” PP-MMT which was overall well characterized 
and known. This sample could then serve as a basis for investigating the remaining 
research questions in the second step.  
 
Before answering these questions, the modelling of the twin-screw extrusion 
process was investigated. Based upon the polymer properties, operating conditions 
and screw (and die) geometry, an existing modelling software was used. This model 
was theoretically described and applied to the available twin-screw. It was shown 
that restrictive elements play an important role in the melting behaviour, pressure 
profile, local residence time and mixing capacity of a twin-screw. 
 
The model showed to be able to rapidly evaluate the processing behaviour of a 
screw configuration. This was used as a tool to help determining the influence of 
the twin-screw configuration on the properties of MMT filled polypropylene. A set 
of well defined screw configurations was selected and evaluated using both 
numerical simulations and experimental validation. The different configurations 
differed in number and position of negative kneading blocks. The mechanical and 
morphological properties were observed and no significant differences in 
mechanical properties and interlayer distances could be observed, both with 4 wt% 
and 2 wt% MMT. It was believed that the ultimate state of intercalation had 
previously been reached in the melting zone of the extruder. The state of exfoliation 
was largely determined by a few parameters, amongst which the feed rate, screw 
speed and specific mechanical energy (SME), but the differences proved to be too 
small to account for differences in mechanical and morphological performance.   
 
Finally, the effect of multiple extrusions (or reprocessing) on the properties of 
MMT filled polypropylene was investigated. No insights could be found in the 
literature concerning the role of the PP-g-MA and organoclay degradation. X-ray 
diffraction results indicated an increase in interlayer distance with increasing 
reprocessing cycles for PP-MMT samples. The largest increase was situated 
between extrusion number 3 to 5. This corresponded with the maximum in 
mechanical properties (stiffness), which was also observed after 3 to 5 extrusions. 
Simultaneously, β-chain scission in the PP matrix was found, enhanced by the polar 
functional groups in the PP-g-MA compatibilizer. The presence of MMT in the PP-
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MMT samples tempered the chain scissions in the PP matrix by sterical hinder. This 
was shown experimentally by measuring the viscosity of the samples and by 
assessing the microstructure using SEM apparatus. Further increasing the processing 
steps (9+) lead  to a decrease in elastic modulus and impact strength, which was 
attributed to a reduction in matrix-filler interaction, most probably caused by 
organoclay degradation as shown by different TGA measurements. A limited 
reprocessing of PP/MMT materials proved the possibility to improve the 
intercalation/exfoliation of the clay in the PP matrix and hence optimize 
mechanical and morphological properties.  
 
Overall, this doctoral research showed the possibilities of PP-MMT nanocomposites, 
especially in terms of mechanical stiffness. A maximum increase of 56% was 
recorded after four processing steps.  
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Chapter 1  
 
INTRODUCTION, STATE-OF-THE-ART AND SCOPE OF THE 
RESEARCH 
In this chapter, an introduction is made to nanocomposites, twin-screw 
extrusion and the reprocessing of nanocomposites. A state-of-the-art is given 
and the scope of the research is defined. Finally, an overview of the 
manuscript is offered.  
 
1. 1.  NANOCOMPOSITES 
1. 1. 1.  Introduction 
Composites are heterogeneous materials, consisting of multiple, clearly 
distinguishable phases. A composite material exists as an assemblage of two or more 
materials of different natures, allowing us to obtain a material of which the 
composed set of performance characteristics is greater than of the components taken 
separately [1, 2]. Composite materials consist of one or more discontinuous phases 
distributed in a continuous phase, which is called the “matrix”. The purpose of the 
matrix is to transfer stresses to the other phases and to protect them from the 
environment. The discontinuous phase is called “the dispersed phase” and is meant 
to enhance the matrix properties [3]. Typical examples are fibres, particles or 
platelets. 
 
Polymers can be roughly divided in thermoplastics and thermosets. A thermoplastic 
is a polymeric material or plastic that becomes soft and mouldable when heated and 
rigid when cooled. This process may be repeated a number of times without 
chemically altering the material. A thermoset material undergoes chemical changes 
when it is cured through heat, catalysts, or ultraviolet light. Generally, a thermoset 
reaction cannot be reversed [4]. 
 
Composites are considered to be nanocomposites when the dimensions of the 
dispersed phase are in the range of 1–100 nm. In case of platelets or fibres, the 
smallest dimension is considered (platelet thickness or fibre diameter) [5]. The 
properties of nanocomposites rely on a range of variables, particularly the matrix 
material, filler loading, degree of dispersion, size, shape, orientation and interactions 
between the matrix and the second phase. Nanocomposites display some significant 
improvements in terms of mechanical, barrier and fire retardant properties. 
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The improvement of the properties in nanocomposites can only be achieved when:  
a) Sufficient interaction between the nanoparticles and the matrix occurs;  
b) Good dispersion of particles within the matrix is present.  
Recent research on polymer matrix based nanocomposites includes layered silicates 
(nanoclays), carbon nanotubes, carbon nanofibres, exfoliated graphene and 
nanocrystalline metals [5]. This research focuses on the category of layered silicates 
and the thermoplastic matrix material polypropylene (PP), which belongs to the 
class of polyolefins.  
 
1. 1. 2.  Polymer/layered silicate nanocomposites 
1. 1. 2. a.  Introduction 
Polymer/layered silicate nanocomposites consist of a polymer matrix material and a 
layered silicate reinforcement filler. The fillers generally used are layered 
aluminosilicates, and most specifically montmorillonite (MMT). MMT are platelet 
shaped particles and belong to the family of phyllosilicates. They are composed of 
several platelets with an inner octahedral layer sandwiched between two silicate 
tetrahedral layers. The physical dimensions of one such layer may be of micron size 
in diameter, but  is of nanometer in thickness [5]. The platelets tend to stick together, 
forming tactoid structures. Detailed information on the structure of MMT clay and 
on the type used for this research will be provided in chapter 2. 
 
Three types of composites may be obtained when a layered clay is mixed together 
with a polymer (Figure 1-1) [6-9]:  
 
 Phase separated composite 
In this case, the polymer is not able to penetrate (intercalate) between the 
individual silicate sheets, which results in a phase separated composite. The 
properties of these composites stay in the same range as traditional 
microcomposites.  
 
 Intercalated composite 
In an intercalated structure, a (couple of) polymer chain(s) can penetrate 
between the silicate layers. A well-ordered multilayer morphology results, 
with alternating polymeric and inorganic layers.  
 
 Exfoliated composite 
When the silicate layers are completely and uniformly dispersed in a 
polymer matrix, an exfoliated (delaminated) structure is obtained. This type 
of composite yields the best results. 
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Figure 1-1: Scheme of three main types of layered silicates in polymer matrix. 
Adapted from [10]. 
1. 1. 2. b.  Synthesis 
Polymer/layered silicate nanocomposites can be synthesized from polymers and 
clays in a number of ways including in situ polymerization [11-20], solution 
polymerization [7, 21], emulsion polymerization [22-28], and latex [29, 30] 
methods. However, the most popular synthesis method involves melt processing [5-
8, 10, 31-33] because this is generally considered more economical and more 
flexible for formulation. Moreover, it uses available compounding and fabrication 
facilities. 
1. 1. 2. c.  Polymer-clay interaction 
Since a proper interaction between the polymer matrix and the layered silicate clays 
is very important in improving certain properties, a lot of research has been 
dedicated to improve the compatibility between the polymer matrix and the clays. 
The clays have high energetic hydrophilic surfaces, which make them essentially 
incompatible with the hydrophobic PP polymer matrices. Different methods can be 
used to improve this interaction. 
 
A first approach is the use of a surfactant on the surface of the clays. MMTs are 
known to swell easily in water, and consequently can be delaminated in water to 
give nanosized platelets. The inorganic surface cations can then be exchanged with 
more spacious organic cations. This renders the clay organophilic and hydrophobic, 
and lowers the surface energy of the clay layers. After evaporating the water and 
during melt processing, it then becomes possible for the organic polymer to diffuse 
between the clay layers and to delaminate the clay platelets to individual layers. 
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Different cations have already extensively been tested and commercialized [34-38], 
and nanoclays including these surfactants are available as so called organoclays.  
 
The second approach is to use a compatibilizer to improve attractive interactions 
between the apolar polymer and the polar silicate surfaces. They decrease the 
repulsive forces between the polymer and the surface. This is achieved by the use of 
low molecular compatibilizers like polypropylene grafted with maleic anhydride 
(PP-g-MA). Research has been conducted with different types of compatibilizers 
and different amounts which can be added [39-43]. 
 
In this research, both methods are applied as a commercially available organoclay 
(with surfactant present) is purchased and a compatibilizer is used. 
1. 1. 3.  Properties of polymer/layered silicate nanocomposites 
1. 1. 3. a.  Mechanical properties 
An important reason for adding fillers to polymers is to increase the modulus 
(stiffness) of the matrix. Adequately dispersed clay platelets have proven to be very 
successful for increasing stiffness values. This dispersion can be achieved rather 
easily in polar polymers and hence the most studies can be found on the 
strengthening of different polyamides (PA). Figure 1-2 shows an example of the 
improvement of stiffness in terms of wt% filler in a PA6 matrix. Fornes et al. 
compare a conventional filled composite with a nanocomposite [44]. Increasing the 
modulus by a factor two requires three times more glass fibres than MMT platelets. 
This means that with a low wt% filler (usually below 10 wt%), a strong increase in 
stiffness is achievable.  
 
 
 
 
Figure 1-2: Improvement of modulus for nanocomposites (MMT) and glass filled 
nylon 6 matrix [44]. 
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Reaching these large stiffness increases in apolar polymer matrices such as 
polypropylene is more difficult due to the weaker polymer-filler interaction. It is not 
possible to achieve completely exfoliated structures. Mostly, these types of 
composites are partly intercalated and partly exfoliated, which accounts for lower 
stiffness increases [45].  
 
The tensile strength and yield stress are also reported to increase with the 
incorporation of small amounts of nanoclays. Increasing the amount of intercalation 
further favours the tensile strength and yield stress of the composites [46]. 
 
The ductility of polymer nanocomposites has been reported to be more dependent on 
the morphology of the nanocomposites. Therefore, there are studies reporting both 
an increase and decrease of the elongation at break in nanocomposites [47]. 
 
Impact properties of the composites have also been contradictory in the reported 
studies [48]. Impact strength of the PA composites was reported to decrease as 
function of the concentration of the filler [49]. Other authors reported an increase in 
the impact strength. For example, Oya et al. [50] reported an increase in the notched 
izod impact strength from 2 to 3.4 kJ/m² for 3 wt% PP nanocomposites. Similarly, 
Zhang et al. [51] reported that the impact strength increases for PP composites with 
PP-g-MA as a compatibilizer. 
1. 1. 3. b.  Other properties 
The barrier properties of polymers can be significantly changed by introducing 
inorganic platelets with large aspect ratios. The diffusion path of the penetrating 
molecules is drastically altered (Figure 1-3), in comparison with conventional 
composites [52]. A tortuous diffusion path is formed, decreasing the permeability 
properties. The dictating parameters for this decrease in permeability are the aspect 
ratio and the orientation factor of the clay platelets (perpendicular to the permeation 
direction) [53]. 
 
 
Figure 1-3: Permeability in conventional composites and nanocomposites [21]. 
 
 
Twin-screw extrusion of MMT filled PP : (re)processing and characterization 
 
 6
In addition to the improved barrier properties, polymer/layered silicate 
nanocomposites tend to favour the flammability properties as well [54-57]. Cone 
calorimetry is a widely used method for the analysis of the flame retardancy of 
different materials. This technique measures different parameters such as heat 
release rate and peak of heat release rate. Different clay filled polymers exhibit a 
strong reduction in peak heat release rate mostly attributed to the formation of a 
stable clay rich barrier on the surface of the composites. Figure 1-4 displays this 
mechanism. 
  
 
Figure 1-4: Mechanism of fire retardancy in polymer/layered silicate 
nanocomposites [58]. 
 
Moreover, different polymer/layered silicate nanocomposites display a (minor) 
increase in heat deflection temperature and degradation temperature measured by 
thermogravimetric measurements (TGA) [58-61]. Recently, different novel 
transparent polymer nanocomposite films reinforced with layered silicates were 
fabricated via an environmentally friendly radiation curing process for flame 
retardant applications [62]. 
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1. 2.  TWIN-SCREW EXTRUSION 
1. 2. 1.  Process description 
Screw extrusion is essentially an auger screw with a certain geometry, which rotates 
in a heated cylindrical barrel, causing it to push material forward. The extruder 
converts solid polymers into melt and continuously pumps the highly viscous melt 
through a die at high pressure [63]. Although there are a variety of different types of 
screw extruders, the main distinction is made between the single screw extruder and 
the twin-screw extruder [64]. A single screw extruder consists of one screw rotating 
in a closely fitting barrel, while a twin-screw extruder uses two screws to extrude 
material. 
 
Figure 1-5 shows a schematic description of a twin-screw extruder. Screw rotation is 
achieved by coupling of the screw shafts with a motor. The barrel is equipped with 
electrical heating and water cooling systems to regulate the temperatures along the 
extruder. The polymer is fed in to the extruder via the hopper. Other materials can 
be fed from different (side) feeders using a feed controller to maintain a certain feed 
composition. The material is transported from the hopper to the end of the barrel 
(where the die is mounted) by the drag force caused by the friction and by the screw 
rotation. The twin-screw essentially acts as a positive displacement pump. The feed 
material is almost solid at the conveying zone. In the melting zone, the solid 
particles start melting because of the applied heat, viscous dissipation and friction. A 
number of processes such as mixing occurs in the melt [65]. The pumping or melt 
conveying zone is next to the melting and mixing zone. The pressure of the melt in 
this zone is increased by the screw rotation to extrude the polymer melt across the 
die. 
 
 
Figure 1-5: Schematic diagram of the twin-screw extrusion process; adapted from 
[66]. 
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Depending on the direction of the rotation and interpenetration of the screws, a twin-
screw extruder can be classified as follows [67]:  
 
 Direction of rotation: When the two screws have the same direction of 
rotation, the extrusion machine is known as a co-rotating extruder. In a  
counter-rotating extruder, the screws rotate in opposite directions. Co-
rotating twin-screw extruders are most commonly used for compounding 
applications. 
 
 Interpenetration: Based on the degree of penetration of the two screws into 
each other, a twin-screw extruder is classified as an intermeshing or non-
intermeshing twin-screw extruder. Intermeshing screws imply that C-
shaped chambers are present which positively convey the material to the 
die end of the extruder. 
In this research, a co-rotating twin-screw extruder is used with closely intermeshing 
twin-screws. The use of this type of extruder for this research has several benefits:  
 Flexibility: they are built with a modular construction for both barrel and 
screw 
 Self-cleaning 
 Good mixing behaviour 
1. 2. 2.  Twin-screw extrusion for polymer/layered silicate 
nanocomposites 
The melt processing of polymer/layered silicate nanocomposites is most commonly 
done by twin-screw extrusion as the mixing and compounding capabilities are much 
higher in these types of extruders than in single screw extrusion. The high shear in 
twin-screw extruders is much more effective in dispersing tactoid clay particles [68]. 
 
The type and settings of the twin-screw extruder play an important role in the 
dispersion of polymer/layered silicate nanocomposites. Several studies have 
revealed that the dispersion of the nanocomposites is dependent on both temperature 
and residence time [69-71]. Longer residence time in the extruder favours a better 
dispersion [72]. Moreover, the location of the feeding of the clay in the extruder is 
important as this affects the residence time [73]. High temperatures can cause 
organoclay degradation [74], and this negatively affects the final properties. Also, 
having a higher melt viscosity can be helpful in achieving dispersion because of the 
higher stresses that can be imposed on the clay particles [75].  
 
The screw configuration of the twin-screw extruder is another parameter that has an 
influence on the dispersion of the nanoclays in the polymer matrices. Different 
authors [70, 76-79] have made efforts to determine the relevant parameters in screw 
configurations affecting the state of intercalation and exfoliation in polypropylene 
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clay composites. Furlan et al. [78] found that ‘aggressive’ screw profiles do not 
always yield the best results in terms of mechanical and morphological properties. In 
their study, this was attributed to the poor PP-organoclay interaction due to the 
absence of a compatibilizer. Lertwimolnun et al. [70] stated that the final state of 
intercalation is largely reached in the melting zone of the extruder. The exfoliation 
of the clay is determined by the specific mechanical energy (SME) during extrusion, 
screw speed and the feed rate [76, 77]. The SME represents the level of energy per 
mass unit that is transferred to the material by mechanical input during extrusion 
[77]. 
1. 3.  REPROCESSING OF POLYMER/LAYERED SILICATE 
NANOCOMPOSITES 
1. 3. 1.  Introduction 
The state-of-the-art on the processing of polymer/layered silicate nanocomposites 
showed the importance of shear rate, residence time and mixing on the dispersion of 
the organoclay in the polymer matrix. Reprocessing (= multiple successive extrusion 
cycles) these types of composites would influence these extrusion conditions and 
thus possibly favour the dispersion.   
 
Moreover, there is a steadily growing consumer awareness regarding the recycling 
of materials and composites, which is expressed by a yearly increase in the amount 
of recycled post-consumer plastics [80, 81]. Reprocessing can thus be seen as a tool 
to simulate recycling effects. 
 
Reprocessing different materials [82-89] under intensive shearing at elevated 
temperature can lead to thermal (temperature), thermal-oxidative (temperature and 
oxygen) and thermal-mechanical (temperature and shear level) degradations of the 
matrix and to modification of the filler morphology. The effect of reprocessing on 
the final properties depends on the considered system (composition and nature of the 
raw materials) and on the conditions of the processing (shear level, temperature, 
polluting agents and number of cycles).  
1. 3. 2.  State-of-the-art 
A literature review shows that different polymer matrices in the reprocessing of 
nanocomposites have been studied such as polyethylene [90, 91], polyamide [92-
95], poly(ethylene vinyl acetate) [96] and acrylonitrile butadiene styrene [97]. These 
studies indicate that nanocomposite reprocessing is far more complex than with 
regular filled composites because the resulting structure affects its properties 
drastically.   
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Concerning the polymer material polypropylene, some studies have been performed. 
Most commonly, a combination of a mixer (melt mixing of the components) and a 
compression mould (producing thin films) is used to simulate the reprocessing of the 
material [98, 99]. A recent study by Touati et al. [99] showed the effects of different 
processing times (mixing time) on the structure and properties of PP/MMT 
nanocomposites. These authors found that the thermal and mechanical properties of 
these nanocomposites were significantly reduced after four processing cycles. The 
studied mixing time in that specific case was ten minutes each cycle. Hence, four 
processing cycles corresponded with forty minutes mixing time, which possibly 
have caused thermal degradation of both matrix and organic modified clay. 
 
Only few researchers have tried determining the effect of multiple effective 
extrusion steps on the properties of these composite systems. Oikonimidou et al. 
studied the effect of extrusion reprocessing on the structure and properties of 
isotactic PP, reinforced with MMT clay [100]. However, the number of extrusions 
was limited to five and the study lacked a microscopic evaluation of the matrix/clay 
behaviour. Silvano et al. [101] investigated the degradation of PP/MMT using twin-
screw extrusion and noticed an increase in interlayer distance between the individual 
clay particles indicating an increase in intercalation/exfoliation. This study however 
made no comparison between the nanocomposites, virgin PP and PP/compatibilizer 
mixtures. Also, no mechanical and morphological characterization was performed.  
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1. 4.  AIMS AND SCOPE OF THE RESEARCH 
A lot of research has already been conducted into polymer/layered silicate 
nanocomposites. The processing of these composites was not yet investigated at 
Ghent University. Therefore, at first, a detailed method had to be developed to truly 
understand the nature of these composites and the processing behind it. 
From the state-of-the-art concerning the processing of these nanocomposites, the 
following points are retained in relation to the current study: 
 Different parameters of the extrusion process have been investigated in the 
literature, but the effect of the screw configuration on the final properties 
requires additional work. 
 The effect of reprocessing these composites has not been studied in-depth. 
The current state-the-art lacks the following information: 
o Effect of multiple (>5) extrusion steps on the properties of these 
composites? 
o Role of the compatibilizer and clay in the degradation process 
during multiple extrusions?   
Based upon the above considerations, the following research questions are 
formulated: 
 
1) What are the optimum processing parameters and material compositions 
for the production of polymer/layered silicate nanocomposites? How do the 
properties of the polymer matrix change upon addition of layered silicates? 
 
2) How does the twin-screw configuration affect the properties of 
polymer/layered silicate nanocomposites? 
 
3) What is the effect of reprocessing on the properties of polymer/layered 
silicate nanocomposites? 
This research investigates the production of polymer/layered silicates within the 
following boundaries: 
 
 The polymer material is limited to polypropylene, as this is commercially 
the most interesting polymer [102]; 
 One type of layered silicate is used in this research, namely a commercial 
type of the phyllosilicate montmorillonite; 
 PP-g-MA is used as compatibilizer; 
 The focus of the processing of these types of composites is on the twin-
screw extrusion process and its influence on the properties of the 
composites. Therefore, the samples are directly extruded from the twin-
screw extruder and cooled between calender rolls without other processing 
equipment.  
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1. 5.  INNOVATIVE ASPECTS OF THIS RESEARCH 
The following contributions have been made to the field: 
 
i. A detailed method has been developed to produce and characterize PP-
MMT nanocomposites with the available twin-screw extrusion 
infrastructure. The determination of the Young’s modulus of the 
composites proved an efficient way of quickly comparing the samples and 
served as a reference for the state of intercalation and exfoliation. 
 
 
ii. An existing twin-screw modelling tool was successfully applied to the used 
process and showed the importance of the restrictive elements in the twin-
screw process. 
 
 
iii. Although some research has been conducted regarding the effect of 
different extrusion parameters on the properties of PP-MMT composites, 
the literature lacks detailed studies on the effect of screw configuration. 
Within this research, eight different configurations were both numerically 
simulated and experimentally compared.  
 
 
iv. The final contribution to the field was made by quantifying the effect of  
reprocessing on the properties of the PP-MMT composites. Little 
information could be found regarding the multiple extrusion of these types 
of composites [99, 100]. To our knowledge, the high number of successive 
extrusions (15 times) has never been investigated. Moreover, the role of the 
PP-g-MA compatibilizer was never questioned during previous research. 
This thesis showed the importance of this compatibilizer in the degradation 
of the composites. 
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1. 6.  OVERVIEW OF THIS MANUSCRIPT 
Chapter 2 describes the influence of montmorillonite clay on different properties of 
polypropylene. First, a method is developed for the preparation of PP-MMT 
compounds and the influence of different extrusion parameters is looked into. 
Further on, the PP-MMT compounds are characterized in-depth. The mechanical 
properties are observed, followed by different morphological properties. Then, a 
visualization of the filler distribution on micrometer scale is made using a CT-scan 
technique. Finally, the response of the rheological properties is investigated.  
 
In chapter 3, the modelling of the twin-screw extrusion process is investigated. After 
a brief introduction, a theoretical description is given about the modelling of the 
twin-screw extrusion process. The plasticizing sequence is being discussed, and an 
existing modelling software package is applied to the used twin-screw process.  
 
Chapter 4 explores the influence of the twin-screw configuration on the properties of 
PP-MMT compounds. After a brief introduction, a set of well defined screw 
configurations is selected and evaluated using both numerical simulations and 
experimental validation. The mechanical and morphological properties are observed 
and compared with samples produced by different configurations. 
 
Chapter 5 investigates the effect of multiple extrusion reprocessing steps on the 
properties of montmorillonite-filled polypropylene. After a brief introduction, the 
rheological, mechanical, physical-chemical and morphological properties of 
multiple extruded composites are investigated. The materials are characterized by 
melt flow index, plate-plate rheometry, tensile testing and impact measurements, 
differential scanning calorimetry, X-ray diffraction and scanning electron 
microscopy. This is followed by a discussion of the results. 
 
Finally, chapter 6 summarizes the key findings of this doctoral dissertation. Based 
on these conclusions, suggestions for further research are formulated. 
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Chapter 2  
 
INFLUENCE OF MONTMORILLONITE ON THE PROPERTIES 
OF POLYPROPYLENE 
In this chapter, the influence of montmorillonite clay on different properties of 
polypropylene is investigated. First, a method is developed for the 
preparation of PP-MMT compounds and the influence of different extrusion 
parameters is looked into. Further on, the PP-MMT compounds are 
characterized in-depth. The mechanical properties are observed, followed by 
different morphological properties. Then, a visualization of the filler 
distribution on micrometer scale is made using a CT-scan technique. Finally, 
the response of the rheological properties is investigated.  
2. 1.  INTRODUCTION 
Polypropylene (PP) is a thermoplastic semi-crystalline polyolefin and one of the 
major plastics worldwide. PP can be synthesized from the monomer propylene by a 
Ziegler-Natta polymerization and by metallocene catalysis polymerization to 
polypropylene [1], as shown in Figure 2-1.  
 
 
Figure 2-1: The polymerization of propylene to polypropylene. 
 
PP can be made in isotactic, syndiotactic, and atactic forms. Isotactic PP shows a 
high degree of order with all the CH3 groups along one side of the polymer chain. 
Syndiotactic PP is a polypropylene with the methyl groups alternating regularly 
from side to side. Atactic PP is a rubbery material of limited commercial value, with 
the methyl groups distributed randomly along the chain. Both isotactic and 
syndiotactic PP are highly crystalline. Regularity of structure permits their polymer 
chains to fold together well during crystallization, thus forming large crystalline 
regions. Isotactic polypropylene has a melting point of around 165°C, depending on 
molecular weight and crystalline structure. Polypropylenes are very susceptible to 
molecular degradation influenced by UV light and the presence of oxygen. 
Therefore, commercial PP resins contain various stabilizing additives functional 
during and after processing [2, 3]. 
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Montmorillonite (MMT) 
thick platelets with an inner octahedral layer sandwiched between two silicate 
tetrahedral layers as illustrated in 
aluminum oxide sheet where some of the aluminum atoms have been replaced with 
magnesium. The difference in valence
charges that are balanced by positive counterions, typically
between the platelets or in the galleries. In its natural state, this clay exists as stacks 
of many platelets. The sodium ions can be exchanged with organic cations, 
an ammonium salt, to form an organoclay
hydrocarbon tails and other groups attached and is referred to as a surfactant
its amphiphilic nature. The extent of the negative charge of the clay is characterized 
by the cation exchange capacity
 
 
Figure 2-2: Structure of 2:1 MMT 
 
Figure 1-1 showed the different layered silicate morphologies that can be obtained 
upon melt processing a polymer and a layered silicate, 
separated, intercalated and exfoliated composites.
most desired ones, but proved to be quite difficult to achieve using a PP matrix and 
MMT reinforcement. 
composites can be found 
 
A brief introduction to the process of intercalation
compatibilizers has been given in chapter 1.
process are more explained. Different
(Figure 2-3):  polymer
surfactant-silicate interactions
by entropic and enthalpic factors. The 
decreased when a polymer intercalates the silicate lay
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clay is a natural phyllosilicate. It consists of several 
Figure 2-2. The octahedral layer can be seen
 electrons of Al and Mg creates negative 
 sodium ions, located 
. The ammonium cation may have 
 [4]. 
 
phyllosilicate [5]. 
more precisely 
 The exfoliated composites are the 
Mostly, a combination of both intercalated and exfoliated 
[4]. 
, the use of surfactants and 
 Here, the thermodynamics behind the 
 interactions occur in intercalated composites
-silicate interactions, polymer-surfactant interactions and 
. The outcome of polymer intercalation is influenced 
overall entropy of the polymer chains is 
ers. This has to be 
 
nm 
 as an 
usually 
 due to 
phase 
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compensated by a increase in enthalpy due to interactions between the polymer and 
the clay (or surfactant). This enthalpy of mixing is positive when the polymer-MMT 
interactions are more favourable than the surfactant-MMT interactions [6]. 
Therefore, polar constituents (compatibilizers) are introduced in apolar polymers to 
improve the interaction between the polar silicates and the polymer. 
 
 
Figure 2-3: Different interactions in intercalated composites [7]. 
 
 
Nanoscale materials have a large surface area for a given volume. Since many 
important chemical and physical interactions are determined by surface properties, a 
nanostructured material can differ substantially from a larger-dimensional material 
of the same composition. In general, nanomaterials provide reinforcing efficiency 
because of their high aspect ratios [5]. The aspect ratio of a filler is calculated as 
follows: 
 
                  AR =


                                                          (2-1)          
 With: 
 AR  Aspect Ratio [-] 
 L  Length of a particle [m] 
 T  Thickness of a particle [m] 
Exfoliated MMT has a high surface area of about 750 m²/g and a large aspect ratio 
greater than 50 [8]. 
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2. 2.  MATERIALS & MACHINERY 
2. 2. 1.  Materials 
Within this entire work, an isotactic homopolymer PP 531P, delivered by Sabic 
Belgium with a melt flow index (MFI) of 0.30 g/10min (230°C and 2.16 kg) and a 
melting temperature of 170°C was used. Cloisite 15A, delivered by Rockwood Clay 
Additives Germany, was chosen as a MMT based clay. In its commercial version, 
this clay is modified with a quaternary ammonium salt (surfactant) to form an 
organoclay. The introduction of this spacious molecule increases the interlayer 
distance between the individual clay platelets 
 
Priex 20097, delivered by Addcomp Holland, was used as compatibilizer (also 
referred to as coupling agent) to positively influence the interaction between the 
apolar polypropylene and the hydrophilic organomodified clay. It is a 
polypropylene-grafted-maleic anhydride (PP-g-MA; Figure 2-4) with a grafting 
level of 0.45 wt%. This copolymer has both an apolar and a polar substituent, 
namely the PP fraction, which will show affinity for the PP chains and the maleic 
anhydride function, which favours interactions with the organomodified clay. The 
higher the level of grafting, the more intercalation/exfoliation can be reached [9, 10].  
 
 
 
Figure 2-4: Chemical structure of PP-g-MA. 
 
Virgin MMT consists of stacked platelets forming large agglomerates (up to 100 
µm), as can be seen on the SEM images in Figure 2-5. These agglomerates are 
irregularly shaped and are composed of different stacks of platelets. The density of 
the MMT clay is 2300 kg/m³. 
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Figure 2-5: SEM images of virgin Cloisite 15A MMT clay. 
 
Different compounds were produced using a twin-screw extruder with different clay 
concentrations and different compatibilizer contents. The samples are denoted as 
PP/compatibilizer/MMT, followed by the different weight percentages. For 
example, a sample with 5 wt% Priex 20097 and 3 wt% Cloisite 15A is denoted as 
92/5/3. 
2. 2. 2.  Extrusion machinery 
As explained in chapter 1, a tightly intermeshing co-rotating twin-screw extruder 
ZSK 18 MEGAlab from Coperion was used to produce the PP-nanoclay composites. 
The machine is set up with a main and side feeder, each of them with a separate feed 
rate. The temperature settings can be adjusted in nine sections from the hopper to the 
die.  
 
The twin-screw extruder was equipped with a slit die, as displayed in Figure 2-6. 
This die was designed to imitate continuous large-scale plate extrusion. In order to 
retain sufficient extrusion pressure at the extrusion point (max. 50 bar), a small die 
of 19 mm by 2 mm was used. This die was conically shaped to keep the flow as 
homogeneous as possible during the final shape formation. Thin sheets (19 x 2 mm) 
were directly extruded at each extrusion step and cooled between calender rolls so 
that the relevant properties could be measured directly. The calender speed was 
adjusted to the screw speed. The gaps between the different rolls were set at two 
mm. The rolls were cooled with cooling water inside (± 15°C). 
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Figure 2-6: Extrusion slit die (19x2 mm²); left: part ; right: top view; down: back 
view. All length dimensions are in mm. 
 
The screw configuration (Figure 2-7) consisted of ten different zones, with three 
degassing areas (marked with upward arrows) and a side feeder mounted on the 
fourth zone, directly behind the first degasser. Also present are wide kneading 
blocks and distribution/mixing elements. This is a standard twin-screw set-up for 
compounding, with the possibility of being altered. The first three zones induce the 
melting and the conveying of the polymer/compatibilizer feed. The fourth zone 
consists of right handed conveying elements, as this is the position of the side 
feeder. The fifth zone consists of three wide kneading blocks, with a staggering 
angle of 45° and which has the main objective to break up the agglomerates fed in 
the side feeder. Zones six and seven are a repetition of the previous two zones. Zone 
eight and nine consist of small kneading blocks and contribute mainly to the 
distribution of the nanoclay in the matrix and the melt homogeneity. The diameter of 
the screw is 18 mm and it has a L/D ratio of 40. The theoretical maximum 
throughput is 40 kg/h. 
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Figure 2-7: Twin-screw configuration
 
The PP granules, compatibilizer and clay were metered in th
by using volumetric feeding units. 
main feeder, while the MMT filler 
were dried at 80°C during 6 hours in a vacuum dryer before melt proc
 
2. 3.  METHOD DEVELOPMENT
COMPOUNDS 
2. 3. 1.  Introduction
In this section, the possibilities
machinery are investigated. 
temperature) and compositions of the starting materials
are being studied. 
 
In a first step, the exfoliation/intercalation of the nanoclay is 
comparing the Young’s modulus of the different material
the level of exfoliation/intercalation of the clay platelets affects the 
compounds in a positive way 
way to determine the infl
 
Finally, this chapter will
for PP-MMT composites, with which 
4) and reprocessing (chapter 5)
 
Statistical analysis of the results 
way ANOVA test, with p=0.05 significance level or an independent sample t
with the same p=0.05 significance level.
 
Figure 2-8 shows an e
The PP-MMT samples are all slightly brown coloured
clay.  
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; number of zone is indicated. 
e required proportions 
The PP and compatibilizer were fed using the 
was fed through the side feeder. All the materials 
essing.
 FOR THE PREPARATION OF PP
 
 of producing PP-MMT compounds on the available 
Different extrusion processing parameters (screw speed, 
 (PP, MMT, compatibilizer)
assayed by 
s. It has been proven that 
E-modulus of the 
[11-13], so it can serve as a simple and straightforward 
uence of different parameters. 
 yield a “recipe” (extrusion parameters and formulations) 
the effect of the screw configuration (chapter 
 will be investigated.   
is performed with Minitab 15 through either a one
 
xample of an unfilled PP sample and a MMT filled PP sample.
 due to the presence of the 
 
 
 
-MMT 
 
simply 
-
-test, 
 
Twin-screw extrusion of 
 
 
Figure 2-8: Example of extruded samples: virgin PP (above) and PP
(down). 
2. 3. 2.  Methods 
The temperature settings (9 sections) from the hopper to the die 
190, 190, 195, 195, 195 and 205°
low as possible to minimize organoclay degradation. The onset 
Cloisite 15A is approximately 210°C 
 
The compounds are made up from three starting materials, namely PP, 
compatibilizer and MMT. A very important parameter is the ratio of MMT to 
compatibilizer [15]. This ratio was investigated 
MMT and the amount of
the amount of MMT 
was varied between 0
agent was maintained at 5 wt%, 
wt%. The screw speed was kept constant at 200 rpm.
 
Finally, two different screw speeds were tested, 200 and 300 rpm, as screw speed 
affects the residence ti
(hopper to die), with standard screw configuration
300 rpm respectively. The residence time from the side feeder until the die (clay 
residence time) is 33 and 29
each screw speed to m
 
Tensile properties (ASTM D638 
using an Instron 5565 dynamometer, with a load cell of 5 kN at a crosshead speed of 
50 mm/min. The specimens were 
hydraulic press. The properties
fully crystallized specimens
The elastic modulus was calculated as the slope of the linear (elastic) part of the 
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-MMT 4% 
were 175, 185, 185, 
C respectively. This temperature profile was
of degradation of 
[14] (this topic is discussed in chapter 5).
by alternating keeping the amount of 
 compatibilizer constant and varying the other one. First
was maintained at 5 wt%, while the amount of compatibilizer 
-20 wt% in steps of 5 wt%. Secondly, the amount of coupling 
while the amount of MMT was varied between 0
 
me in the extruder. The total residence time in the extruder
, is 49 and 33 seconds for 200 and 
 seconds respectively. The PP feed rate was adjusted at 
aintain an equal fill rate. 
– specimen Type IV; Figure 2-9) were measured 
punched out of the produced sheets with a 
 were determined four weeks after the production
, so no effects of post-crystallization could occur
 
 set as 
 
ly, 
-5 
 
 on 
 [16]. 
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stress-strain curve. Tensile property values reported represent an average from 
measurements on at least five specimens per compound. 
 
 
Figure 2-9: Dog bone tensile specimen ASTDM D638 – Type IV; mentioned values 
are in mm. 
2. 3. 3.  Influence of the rate of nanoclay to compatibilizer 
As mentioned in the methods section, the ratio of MMT to compatibilizer is very 
important in the intercalation process [15]. This ratio depends on the considered 
system (type of PP, MMT and compatibilizer). The grafting level of the PP-g-MA is 
the most crucial factor. This level is expressed as the %wt of MA molecules grafted 
upon the PP polymer. The importance of this ratio is shown by alternately keeping 
the amount of MMT and the amount of compatibilizer constant and varying the 
other one.  
 
First, the amount of MMT was maintained at 5 wt%, while the amount of 
compatibilizer was varied between 0-20 wt% in steps of 5 wt%. The screw speed 
was kept constant at 200 rpm. Figure 2-10 displays the resulting stiffness values for 
the different compounds. One can notice a steady increase in elastic modulus for 
higher concentrations of compatibilizer. The higher the amount of coupling agent, 
the higher the maleic anhydride concentration, leading to a better compatibility 
between the apolar PP and the polar clay platelets. This is expressed by a likewise 
increasing modulus value.  
 
The progress of the modulus seems to level out beyond the use of 10% 
compatibilizer. Indeed, while there is a significant difference between the modulus 
of specimens with 5 wt% and 10 wt% compatibilizer (t-test, p=0.014), there is no 
significant difference in modulus between the specimens with 10 wt% and 20 wt% 
compatibilizer (t-test, p=0.089). Further increasing the compatibilizer content would 
commercially not be interesting as the cost for coupling agent in this research was a 
factor 7 times higher than the one for virgin PP. Additionally, the results clearly 
indicate a rise in stiffness with the addition of nanoclay to the virgin PP material, 
regardless of the amount of compatibilizer. 
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Figure 2-10: E-modulus of PP/nanoclay with different %wt compatibilizer (5 wt% 
nanoclay); screw speed of 200 rpm. 
 
Secondly, the amount of coupling agent was maintained at 5 wt%, while the amount 
of MMT was varied between 0-5 wt%. The screw speed was also kept constant at 
200 rpm. Figure 2-11 shows the evolution of the E-modulus for the compounds with 
different clay concentrations (0, 3, 5 wt%). Compared to the virgin PP material, an 
increase of about 25% in modulus value is observed for the samples containing 3% 
nanoclay. However, while still higher than that of virgin PP, the modulus for 
specimens with a higher (5%) concentration of clay are significantly lower (t-test, 
p=0.002). Once more, these results indicate that an optimum rate of nanoclay to 
compatibilizer would exist and that, when surpassed, insufficient amounts of 
compatibilizer are present to harmonize the dispersion of the polar nanoclay in the 
apolar PP.  
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Figure 2-11: E-modulus of PP/nanoclay with different %wt nanoclay (5 wt% 
compatibilizer). 
 
Based on these observations, the amount of compatibilizer mixed into the compound 
is maintained at twice the amount of nanoclay used for the in-depth characterization. 
 
2. 3. 4.  Influence of the screw speed 
A visualisation of the results for different screw speeds is given in Figure 2-12 
(virgin PP samples) and Figure 2-13 (MMT filled PP). The elastic modulus of the 
tested virgin PP stays level at around 860 MPa for the different screw speeds. There 
is no significant difference for varying the screw speed within the elastic modulus 
(ANOVA, p=0.147). This is expected, as there is no filler present. 
 
Figure 2-13 displays the elastic modulus results for two different compounds at two 
different screw speeds each. Regardless of their specific composition, all samples 
display increased stiffness compared to the virgin PP. Furthermore, both compounds 
show a significant loss in elastic modulus for higher screw speeds (t-test, p1=0.021, 
p2=0.045).  
 
The screw speed of the extruder adversely affects the residence time in the extruder. 
A higher residence time can lead to a higher degree of intercalation/exfoliation of 
the nanoclay in the PP matrix, which in turn will improve the mechanical properties 
[17]. By increasing the residence time of the nanoclays in the extruder, the different 
polymer chains have more time to penetrate between the interlayers of the 
organoclays. This possibly improves intercalation/exfoliation and could lead to a 
higher elastic modulus of the samples at lower screw speeds. 
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Figure 2-12: E-modulus of virgin PP (100/0/0) at different screw speeds (200, 300 
and 400 rpm). 
 
Figure 2-13: E-modulus of PP/nanoclay composites at different screw speeds a) 
92/5/3 and b) 85/10/5.  
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2. 3. 5.  Discussion 
In a first aspect of this preliminary study, the influence of composition on the 
mechanical properties of nanoclay filled PP was investigated. The elastic modulus of 
the extruded compounds is known to be a marker for the degree of exfoliation of the 
nanoclay platelets [11-13]. It was found that the ratio of 2:1 coupling agent to 
nanoclay resulted in the best mechanical properties. Increasing the amount of 
compatibilizer beyond this ratio did not result in significantly higher properties, 
indicating that the maximal dispersing effect is obtained at this ratio. Likewise, 
larger amounts of nanoclay did not result in higher modulus values, suggesting that 
the reinforcing effect on the nanoclays is subordinate to the dispersing effect of the 
compatibilizer. These findings are validated by existing literature, where a 
compatibilizer/organoclay ratio of 2:1 is commonly used for the 
intercalation/exfoliation of organomodified clays in an apolar matrix such as PP 
[18]. 
  
Secondly, the impact of the screw speed was investigated. While the properties of 
the virgin PP were unaffected by the screw speed, it was observed that the modulus 
of the nanoclay filled compounds rose with reduced screw speed, due do the related 
extended residence time of the polymer in the screw. It must be mentioned that 
during these preliminary experiments, the feed rate of the twin-screw extruder was 
adjusted to the different screw speeds to reach the same filling degree in the screw. 
By changing the feed rate, the output of the extruder is being changed 
simultaneously. We noted an increase in output of 0.6 kg/h between the used screw 
speeds of 200 and 300 rpm. This increase also affects the residence time in the 
extruder and will likewise have its influence on the mechanical properties of the 
final extrudate [19]. Following experiments in this research were all carried out at a 
fixed feed rate of 3 kg/h and a screw speed of 150 rpm. 
 
The current screw set-up allows us to produce nanoclay filled polypropylene with a 
maximal increase in elastic modulus of up to 28%. Similar results have previously 
been reported with alike processing methods by different researchers [10, 11, 20].  
The degree of intercalation/exfoliation of the nanoclay platelets has been evaluated 
by comparing the tensile modulus of the extruded specimens. As this is a derivative 
method, it is only possible to classify the different samples relatively to one another. 
Quantitative analysis of the exact degrees of dispersion and exfoliation of the 
nanoclay within the different compounds is only possible through visualization 
methods such as electron microscopy and X-ray diffraction [21-23]. This was 
investigated next. 
 
The tensile properties of these exploring experiments were determined without the 
use of an extensometer. At that time, the laboratory was not equipped with an 
extensometer. The clamps of the tensile bench were for this reason not mounted on 
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the wide part of the dog-bone tensile specimen (Figure 2-9), but fixed over the 
narrow part with the distance between the clamps being 25 mm. When measuring 
the strain in the specimens, we have to take into account the inherent strain of the 
loading frame, meaning the applied force also extends the supports of the loading 
frame. The actual strain of the specimen will therefore be smaller than the one 
measured by the clamps. As the elastic modulus is calculated by the fraction of the 
stress and the strain, the presented elastic moduli are somewhat lower than their true 
values. However, the results can be compared one another as each test was done on 
the same tensile bench, under the same circumstances. For further experiments 
within this research, an extensometer was used to measure correct strain values. 
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2. 4.  IN-DEPTH CHARACTERIZATION OF THE PP-MMT COMPOUNDS 
2. 4. 1.  Mechanical properties 
2. 4. 1. a.  Methods 
Tensile properties (ASTM D638 – Type IV; Figure 2-9) were measured using an 
Instron 3601 dynamometer, with a load cell of 2 kN. Strain was measured with a 
2630-100 Instron clip-on extensometer (gauge length 25 mm) (Figure 2-14). The 
crosshead speed was set at 10 mm/min until 50% strain, at which point the 
extensometer was removed, followed by a speed of 50 mm/min to sample breakage. 
Prior to testing, the samples were conditioned at 23 °C and 50% relative humidity 
for a period of four weeks to level out post-crystallization. The elastic modulus was 
calculated as the slope of the linear (elastic) part of the stress-strain curve.  
 
 
 
Figure 2-14: Mounting of the extensometer. 
 
The clay content was varied between 0 and 5 wt%. The amount of compatibilizer 
mixed into the compound is maintained at twice the amount of nanoclay. The screw 
speed was fixed at 150 rpm. The feed rate was fixed at 3 kg/h.  
2. 4. 1. b.  Results 
Figure 2-15 displays the elastic moduli of compounds with MMT content between 0 
and 5 wt%. The same trend as in the exploring results can be noticed. Increasing the 
amount of MMT in the compounds leads to higher stiffness values. A maximum in 
stiffness is found near 4 wt% MMT, followed by a small decrease. Increasing the 
concentration of MMT even more would decrease the stiffness (1350 ± 78 MPa for 
10 wt% MMT). 
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Figure 2-15: Elastic modulus as function of MMT content. 
 
The yield stress (at zero slope) and strain at break for the same PP-MMT samples 
are displayed in Table 2-1. Adding 1 wt% MMT significantly increases the yield 
stress to 37.5 MPa (t-test, p=0.0002). Adding higher amounts of MMT does not 
have the same effect. In these cases, the yield stress is not significantly affected (t-
test, p>0.05). The strain at break reduces when adding MMT. Moreover, the 
standard deviation on the measurement increases. 
 
Table 2-1: Yield stress and strain at break as function of MMT content. 
MMT [%wt]  Yield stress ± stdev 
[MPa] 
Strain at break ± 
stdev [%] 
0 34.6 ± 1.7 252.4 ± 21.8 
 
1 37.5 ± 0.9 131.5 ± 25.7 
 
2 35.9 ± 1.5 
 
137.5 ± 75.4 
3 34.7 ± 0.9 
 
120.1 ± 86.2 
4 34.9 ± 2.1 
 
150.7 ± 97.9 
5 34.7 ± 1.3 
 
110.4 ± 101.2 
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2. 4. 1. c.  Discussion 
Regarding the tensile testing properties, it should be pointed out that a rather large 
standard deviation was noted on the elastic modulus of the clay filled samples. To 
further investigate this phenomenon, some additional characterization techniques 
were applied. Firstly, Digital Image Correlation (DIC) was used to quantify the local 
strain behaviour. Secondly, the melting enthalpy and the density were determined at 
different locations along the length of the sample. 
Digital Image Correlation  
DIC is based on tracking the geometrical changes in the grey-scale distribution of a 
speckle pattern which is sprayed unto to the specimen surface. A deformed image is 
taken at incremental loading steps and compared to the reference image taken prior 
to loading. A random speckle pattern was applied on the specimen surface by 
aerosol spray-paint and is monitored with two 8-bit CCD AVT Stingray F-201 B 
1/1.8′′ cameras throughout the loading event. During quasi-static loading, images 
with a 1624×1234 pixel resolution are acquired at a sampling rate of 5 Hz and are 
synchronized with the load – displacement signals from the tensile machine. In order  
to determine the specimen displacement field and subsequent calculation of the 
strain, a correlation between these paired images was made using the MatchID 
software [24]. 
 
Analysis of the ε11 (flow direction) strain field reveals that the strain behaviour is far 
from uniform, as shown in Figure 2-16. The highest strain values along the flow 
direction (ε11) are located in the centre of the sample for both samples. The standard 
deviation on the stiffness is larger for the measurements on the MMT filled samples 
than on the virgin PP. Here, the offset between the minimum and maximum strain is 
also much larger for the PP-MMT composite than for the virgin PP. This implies 
that this phenomenon is related to the clay loading and the heterogeneous nature of 
the composites. 
 
Twin-screw extrusion of 
 
 
Figure 2-16: DIC image of virgin PP (left) and 4 wt% PP
 
Melting enthalpy and density 
The melting enthalpy 
of 10ºC/min to a temperature
atmosphere. The samples were taken 
positions displayed in Figure 2
using the law of Archimedes.
 
Figure 2-17: Sample posi
 
Table 2-2 presents the melting enthalpy and density measurements 
of the extrudate. The standard deviation 
between the measurements 1 to 3 and 3 to 6 ha
for both the melting enthalpy and the density higher with the PP filled samples. 
These local differences can be caused by agglomerates of MMT in the 
samples and could explain the large standard deviation on the stiffness values. The 
distribution of the MMT in the matrix is investigated further on. 
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-MMT sample (right).
 
was determined using a Netzsch DSC 204F1 at a heating rate 
 above the melting temperature, under a nitrogen 
along the length of the extrudate on the 
-17. The density at the same positions was measured 
 
 
tioning along the length of the extrudate. 
along the length 
and the relative standard deviation (RSD) 
ve been calculated. These values are 
PP
 
 
 
-MMT 
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Table 2-2: Melting enthalpy and density alongside extrudate. The standard deviation 
(stdev) and the relative standard deviation (RSD) are listed. 
 
Position 
Melting 
enthalpy 
[J/g] 
Stdev 
[J/g] 
RSD 
[%] 
Density 
[kg/m3] 
Stdev 
[kg/m³] 
RSD 
[%] 
PP 1 81.10   884   
2 77.38 2.31 2.88 874 5 0.6 
3 81.56  
 
880  
 
4 82.40  
 
883  
 
5 79.12 1.65 2.04 880 3 0.3 
6 81.10  
 
878  
 
PP/COMP/MMT 
88/8/4 
1 62.01  
 
923  
 
2 77.97 8.14 11.48 948 14 1.5 
3 72.74  
 
925  
 
4 74.10  
 
920  
 
5 77.28 2.05 2.74 958 19 2.0 
6 73.44   933   
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2. 4. 2.  X-ray diffraction 
2. 4. 2. a.  Introduction 
X-ray diffraction (XRD) is used to identify intercalated structures. The repetitive 
multilayer structure is well preserved, allowing the interlayer spacing to be 
determined. The intercalation of the polymer chains increases the interlayer spacing 
in comparison with the spacing of the virgin organoclay [25]. This leads to a shift of 
the diffraction peak towards lower angle values. The angle and layer spacing values 
are related through Bragg's law (Equation 2-2): 
 
                             nλ = 2d sinθ                        (2-2) 
 
With: 
 n  The order of the equation [-] 
 λ  The wavelength of the incident X-ray beams [nm] 
 d  The interlayer distance (spacing between the various planes) [nm] 
 θ  The angle between the incident beam and the scattering planes [°] 
2. 4. 2. b.  Methods 
XRD analysis was performed using a powder XRD Thermo Scientific ARL X’TRA 
(Cu Kα radiation) over a 2θ range of 1.5° to 12°, in steps of 0.02°. The wavelength λ 
for the Cu Kα radiation is 0.1540562 nm. The interlayer distance of the clay in the 
PP-MMT composites is calculated using Bragg’s law (Equation 2-2). 
2. 4. 2. c.  Results 
Figure 2-18 shows the XRD diffractograms of virgin Cloisite 15A (MMT) and 
different MMT filled PP samples. The virgin PP sample (0%) shows no reflections 
of the incident X-rays in the measured interval. In the case of all the other samples, 
three peaks may be distinguished, corresponding to the d001, d002 and d003 reflections. 
 
Incorporating MMT in PP composites using twin-screw extrusion leads to a 
decrease in position (angle) of the d001, d002 and d003 reflections. This decrease is 
caused by an increase in the interlayer distance between the different clay platelets 
in the tactoid structures. The decrease in the intensity of the basal diffraction peak in 
the nanocomposites (3%) suggest that the intercalation has not taking place by a 
parallel displacement of the silicate layers, but rather by a disordered intercalation 
and/or by a mixture of intercalation and exfoliation mechanisms [26, 27]. 
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Figure 2-18: XRD diffractograms of Cloisite 15A (virgin MMT), virgin PP (0%) 
and 1, 3 and 5 wt% MMT filled PP; d001, d002, d003 values for 2θ are marked for 
CL15. 
 
The extent of the intercalation of the clay is shown in Table 2-3, where the interlayer 
distance is calculated for different MMT contents. The interlayer distance has been 
calculated as the average of the d001, d002 and d003 reflections using Equation 2-2. 
 
The average interlayer distance of the virgin MMT clay is calculated around 3.60 
nm. After melt processing with PP, this interlayer distance increases for all samples. 
The largest increase can be found for the 1 wt% MMT sample (4.14 nm). This 
reduces with higher MMT contents (3.84 nm for 5 wt%). Augmenting the amount of 
MMT yet increases the stiffness of the compounds (paragraph 2.4.1), indicating the 
existence of an equilibrium between the amount of MMT and the way they are 
intercalated.   
 
 
Table 2-3: Calculated interlayer distance as function of MMT content. 
MMT [%wt]  calculated d01 [nm] 
1  4.14 
3  3.94 
5  3.84 
100  3.60 
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2. 4. 3.  The effect of MMT on the crystalline structure of PP 
2. 4. 3. a.  Methods 
Thin slices (15 µm) were taken from the specimen sheets using a microtome (Leitz 
1401) and fixed between two glass plates. These samples were evaluated by bright 
field (BFM), polarized light (PLM) and phase contrast (PCM) microscopy at 
different magnifications on an Olympus BH2 microscope, equipped with camera 
(Leica DFC 280) and image processing software (Leica Application Suite 4.0).  
 
The size of the spherulites was obtained using the small angle light scattering 
technique (SALS). The same slides with sections used for microscopy were used in 
the SALS technique. This system consists of an optical bench on which is mounted 
an HeNe laser of 0.8 mm diameter with 632.8 nm wavelength, two crossed 
polarizers, a CCD camera and an analysis system Hamamatsu Hipic 6.3. Two 
measurements were made per specimen and at least three specimens were tested per 
sample. 
 
The crystallinity of the specimens was determined using a Netzsch DSC 204F1 at a 
heating rate of 10ºC/min, under a nitrogen atmosphere. The crystallinity of the 
different compounds was calculated as follows [28]:    
       
                                               x =
∆
∆
                                  (2-3) 
 
 
With:  
 xc The crystallinity [%] 
 ∆H  The apparent enthalpy of fusion of composite [J/kg] 
 ∆H0  The heat of fusion of a 100% crystalline PP [J/kg]  
 Φ  The weight fraction of organoclay in the specimens 
The used value ∆H0 for polypropylene was 207000 J/kg [1].  
2. 4. 3. b.  Results 
First, the spherulites were visualized using optical microscopy and their size was 
measured by SALS. Table 2-4 shows the average crystal size for different amounts 
of MMT. The polarized light images of the corresponding crystals are shown in 
Figure 2-19. The MMT reduces the crystal size of the spherulites because it acts as 
an initiator for  heterogeneous nucleation.   
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Figure 2-19: Polarized light images of PP-MMT 2% (left) and virgin PP (right); 
scale bar = 100 µm. 
 
Table 2-4: Average crystal size as function of weight percentage MMT. 
MMT [%wt] Avg. crystal size [µm] Stdev [µm] 
0  15.58  0.42  
2  8.89  0.51  
4  7.83  0.32  
 
 
Secondly, the size distribution of the spherulites is strongly influenced by the 
processing technique and processing parameters. The samples are produced by 
cooling the sheets directly after extrusion between three calender rolls, which are at 
a temperature of the cooling water inside (± 15°C). The large temperature gradient 
between the extrudate and the chill rolls induce a gradient in spherulite size 
perpendicular to the flow direction of the melt, as can be noticed in Figure 2-20. 
Smaller spherulites at the edges of the sample are formed due to the contact with the 
calendar rolls. Near the centre, the spherulites appear bigger. Due to the slower 
cooling, the crystals had more time to grow. 
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Figure 2-20: Spherulites size gradient perpendicular to flow direction. Scale bar = 
100 µm.  
 
Finally, the crystallinity of the extruded compounds was quantified (Table 2-5). 
Given that the elastic modulus of a polymer will increase with higher grades of 
crystallinity [29, 30], it is necessary to quantify this aspect so that an improvement 
in mechanical properties will not wrongly be ascribed entirely to the dispersion and 
exfoliation of the mixed-in nanoclays. However, it was found that the addition of the 
nanoclay enlarged the crystalline fraction with only a few percent, which is not 
sufficient to account for the large differences in modulus values. Worth mentioning 
is that the coupling agent by itself did not result in an increased crystallinity, while 
the addition of nanoclays did. This is attributed to the smaller size of the nanoclays 
and their entirely different structure from the PP matrix (as opposed to the coupling 
agent, which is PP-based). Both qualities make them more suitable as locations for 
heterogeneous nucleation of the crystalline phase during cooling.  
 
 
Table 2-5: Calculated crystallinity using DSC of different compounds. 
Composition  
PP/COMP/MMT [wt%] 
xc [%] 
100 40 
95/5 39 
92/5/3 43 
90/5/5 43 
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2. 4. 4.  Micro scale visualization of the distribution using CT-scan 
2. 4. 4. a.  Introduction 
In general, there are basically two mixing mechanisms [31-34]. The first is 
dispersive or intensive mixing, which involves the reduction of the size of a 
component having cohesive character within a continuous liquid phase. The 
cohesive character of agglomerates is due to van der Waals forces between the 
particles of the agglomerate. The second type of mixing is distributive mixing, also 
called laminar or extensive mixing, which stretches the interfacial area elements 
between the components lacking a cohesive character and distributes them 
throughout the volume. This mechanisms of mixing for hard agglomerates are 
displayed in Figure 2-21. 
 
In the case of nanocomposites, both types of mixing mechanisms have to be present 
to obtain a well dispersed nanofiller distributed evenly throughout the volume. The 
final properties of a composite strongly depend on the morphology, in which the 
different mixing phenomena are very important. These types of mixing can both be 
achieved in a co-rotating twin-screw extruder depending on the screw geometry, i.e. 
the types of elements used to configure the screw. The different types of elements 
and their functions are discussed in detail later on in chapter 3.  
 
 
Figure 2-21: Dispersive and distributive mixing of hard solid agglomerates [33]. 
 
In this chapter, the distribution of the MMT particles or agglomerates in a certain 
volume is investigated using CT-scanning technology. 
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2. 4. 4. b.  Methods 
Specimens of roughly 2 x 2 mm² were cut out of a 5wt% PP-MMT sample and scans 
were performed with a multi-resolution CT setup at UGCT (Ghent, Belgium). The 
CT setup consists of an 8-axis motorized stage combined with two X-ray tubes1 and 
two X-ray detectors2, specifically designed to permit very high resolution scans as 
well as scans of larger objects. 2D image stacks were reconstructed using Octopus3 
software. The reconstructed voxel size was 1.808 µm. This technique allowed the 
visualization of the micro distribution of the MMT clusters clay in the sample. The 
detection limit for particle analysis was equal to the voxel size and therefore, a 
single clay platelet cannot be visualized. The samples were glued on a graphite 
pencil lead and subsequently fitted on the sample holder before scanning. 
2. 4. 4. c.  Results 
CT scanning is a density-based technique. The density of PP is around 900 kg/m³, 
while for MMT its around 2300 kg/m³, which provides sufficient contrast between 
both components. Figure 2-22 shows an example of a reconstructed cross-section of 
the scanned PP-MMT composite. The white dots visualize the MMT clay, while the 
grey values represent the PP matrix.  
 
Upon first sight, large agglomerations of MMT clay up to 50 µm can be observed 
(length of the measured particle is displayed in the box in the upper left corner of the 
figure). The displayed angle is the angle between the measured line and a line 
parallel to the X-axis of the image. 
 
                                                          
 
1
 A Hamamatsu L9181 (130 kV, 35 W source with down to 5µm spot size) and a 
Hamamatsu L171 (100/160KV (LaB6/W filament) , 3W, down to 400nm spot size) 
2
 A Varian Paxscan 2520 (1820x1460 pixels of 127µm pixel pitch (20x25cm 
detector area) with CsI scintillator) and a Photonic Science VHR (3600x3200 pixels 
of 7,74µm pixel pitch (2,5x2,8 cm detector area) with thin gadox scintillator) 
3
 Inside Matters, Belgium 
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Figure 2-22: Reconstructed cross section CT-scan (indicated particle size = 50µm), 
sample: 85/10/5.  
 
The overall distribution in µm-level throughout the sample height is shown in Figure 
2-23, where different reconstructed cross-sections throughout the sample are 
displayed. The white clay particles are distributed well across the entire sample. The 
shape of the large particles appears ellipsoidal, and oriented mainly in the extrusion 
direction (horizontal direction). 
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Figure 2-23: Reconstructed CT-scans at different cross sections throughout the 
sample. Cross section number, upper left: 580; upper right: 668; down left: 705 and 
down right: 719. 
 
Small dark surrounding spots can be observed on the edges of some particles in 
some cross-sections. This could represent some small voids around the MMT clay, 
indicating reduced matrix-particle interaction.  
 
A quantitative analysis of the particle size was made using the Octopus software and 
is shown in Figure 2-24. The number distribution indicates that 60% of the particles 
have an average diameter smaller than 5 µm and even 70% smaller than 9 µm. Yet, 
the volume distribution has a more even behaviour as the less numbered largest 
particles account for the same volume as the smallest particles.  
  
Chapter 2 Influence of MMT on the properties of PP 
 
 49
 
Figure 2-24: Quantitative analysis of MMT distribution (volume and number). 
 
Overall, these visualisation results indicate a good distribution on micrometer scale. 
As previously mentioned, the properties of PP-MMT composites are determined by 
both intercalation and exfoliation of the clay particles. 
2. 4. 5.  The effect of MMT on the rheological properties of PP 
2. 4. 5. a.  Introduction 
The viscosity of a viscoelastic polymer melt is dependent on the shear rate and can 
be related using the following equation: 
 
                                                         η =


                                             (2-4) 
 
with: 
 η The viscosity [Pa.s] 
  The shear stress [Pa] 
 γ  The shear rate [s-1] 
Polymer melts display shear thinning behaviour, i.e. the viscosity decreases with 
increasing shear rate. The zero shear viscosity (η0) is the value of the apparent 
viscosity (quotient between shear stress and shear rate) of a liquid in the limit of 
zero shear rate (i.e., when the melt is at rest). Amongst others, this value is strongly 
affected by the molecular weight and amount of branching of the polymer [35-37]. 
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2. 4. 5. b.  Methods 
The rheological flow properties (shear stress, viscosity) in the shear rate range 
between 0.01 s-1 and 5 s-1 are measured using a plate-and-plate type standard 
rheometer (Anton Paar MCR-302), with a plate diameter of 25 mm and a gap 
between the plates of 1 mm. The results were analyzed using the Rheoplus software.  
2. 4. 5. c.  Results 
Figure 2-25 shows the measured viscosity of different samples in shear rate between 
0.01 s-1 and 5 s-1. The zero shear rate (η0) increases with increasing clay content (4 
wt% 7200 Pa.s versus 0 wt% 5500 Pa.s). A sample with 2 wt% MMT clay was also 
measured and shows an intermediate η0 of 6500 Pa.s. This increase is attributed to 
the formation of a 3-D percolated network and has previously been reported [38-40].  
 
 
Figure 2-25: Measured viscosity at different shear rates for virgin PP, 2% MMT and 
4% MMT. 
 
 
In the higher shear rate region (>0.2 s-1), the PP-MMT shows a greater shear 
thinning behaviour attributed to the preferential orientation of the MMT layers in 
higher shear rates [38]. At the same shear rate in the extruder, the viscosity is lower, 
which ensures an easier processability.  
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2. 5.  CONCLUSIONS 
This chapter was divided in two main sections. First, preliminary experiments were 
carried out to produce PP-MMT compounds on the existing twin-screw machinery. 
These compounds were evaluated using the tensile modulus, as this proved to be an 
adequate screening method. Different parameters of the process were investigated 
and the following conclusions could be drawn from the obtained results: 
 Incorporating a small amount (<10wt%) of MMT in PP yielded 
significantly higher elastic moduli; 
 A lower screw speed resulted in stiffer MMT filled PP; 
 When increasing the clay content, one has to increase the compatibilizer 
concentration as well. A 2:1 ratio of compatibilizer to nanoclay was 
preferable; 
 The current screw set-up allowed to produce MMT filled PP with a 
maximal increase in elastic modulus of up to 28% compared to virgin PP. 
Secondly, the PP-MMT compounds were characterized in detail. The mechanical 
properties showed a maximum in stiffness at 4 wt% MMT (1602 ± 82 MPa for PP-
MMT versus 1243 ± 32 MPa for virgin PP).  X-ray diffraction proved, by measuring 
lower diffraction angles, an increase in basal spacing between the silicate layers 
(intercalation) in comparison to virgin MMT (4.14 nm for PP-MMT (1 wt%) versus 
3.60 nm for virgin MMT). Morphological characterization of the crystalline 
structure indicated smaller crystal sizes with the addition of MMT due to 
heterogeneous nucleation. CT experiments  showed a good distribution on 
micrometer scale. The rheological properties were investigated and it was found that 
the zero shear viscosity was very dependent on the addition of MMT, while a more 
pronounced shear thinning behaviour could be observed in the higher shear rate 
region. 
 
Based upon these observations a reference PP-MMT compound was chosen for 
further investigating the effect of the screw configuration (chapter 4) and the 
reprocessing (chapter 5). This reference PP-MMT has the following extrusion 
parameters and composition (Table 2-6). 
 
Table 2-6: Composition and extrusion parameters for the reference PP-MMT. 
Parameter Value 
Composition PP/COMP/MMT [wt%] 88/8/4 
Screw speed [rpm] 150 
Output [kg/h] 3 
Barrel temperature [°C] 205 
Calender speed [m/min] 1.4 
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Chapter 3   
 
MODELLING OF THE TWIN-SCREW EXTRUSION PROCESS 
In this chapter, the modelling of the twin-screw extrusion process is 
investigated. After a brief introduction, a theoretical description is given 
about the modelling of the twin-screw extrusion process. The plasticizing 
sequence is discussed, and an existing modelling software is applied to the 
twin-screw process at hand.  
 
3. 1.  INTRODUCTION 
Twin-screw extruders are used for a variety of industrial tasks including melting, 
pressurization, mixing, blending, compounding, and reactive extrusion [1]. To 
achieve these different objectives, twin-screw extruders have distinct characteristics 
of which the main ones are listed here: 
 Co-rotating twin-screw extruders are built with a modular construction for 
both barrel and screw. This means that screw configurations can be 
changed according to the application. 
 Twin-screw extruders work starve-fed, which means the screw channels in 
the conveying zones are only partially filled, while single screw extruders 
work flood-fed, where the output is determined by the screw speed and the 
resistance of the die. 
 The output of twin-screw extruders is independent of the screw speed, but 
is determined by the feed rate adjusted by the operator. 
 The axial pressure profile is much more complicated than in the case of 
single screw extruders. Once the material reaches a restrictive screw 
element, it must generate the pressure required to overcome the resistance.  
Various mathematical models of the co-rotating twin-screw extrusion with differing 
degrees of complexity are reported in literature [2-17]. Describing this process by 
mathematical equations can favour the up-scaling of the process, fast screening of 
new formulations, predicting of melt behaviour and so on. 
 
In this chapter, an existing model for simulating the behaviour of a polymer inside 
the barrel of a co-rotating twin-screw extruder is applied. This model is developed 
by Gaspar-Cunha et al. [18]. Within this chapter, the theoretical background of the 
model is first outlined, while later on, this model is applied to the existing twin-
screw equipment at Ghent University. 
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3. 2.  THEORETICAL BACKGROUND 
3. 2. 1.  Introduction 
Figure 3-1 illustrates the three types of individual screw elements that are most 
commonly used in a closely intermeshing, self-wiping co-rotating twin-screw 
extruder. Each type of element promotes different flow behaviour [1]. 
 
The three types of elements are [19, 20]: 
 Conveying, or right handed, elements (RH) 
These elements drag material forward due to their positive helix angle. The 
conveying capacity depends on the angle, as a higher angle increases the 
conveying capacity.  
 
 Left handed elements (LH)  
These ones have a negative helix, thus impose a restriction to the melt flow 
which can induce fully-filled flow conditions upstream of these elements. 
The heat transfer becomes more efficient and the flow behaviour much 
more complex. Significant mixing, both dispersive and distributive, and 
viscous dissipation may take place. 
 
 Kneading blocks (KB)  
Kneading blocks comprise a number of kneading discs, each with a certain 
thickness, staggered at positive, neutral, or negative angle. Positive angles 
induce conveying capacity and promote some distributive mixing. Neutral 
angles have no drag capacity, hence the local flow residence time increases 
in these elements and both distributive and dispersive mixing can take 
place. Negative staggering KB are very efficient in terms of mixing [21].  
 
 
 
 
Figure 3-1: The three basic elements of a co-rotating twin-screw extruder [22]. 
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The basic elements of the co-rotating twin-screw extruder, namely the conveying 
elements and the kneading elements, are determined by the following characteristic 
parameters [20, 23, 24].  
 
Conveying elements: 
 The number of flights; 
 The pitch, which is described by the axial length required for a complete 
tread [mm]; 
 The pitch direction, this can either be positive (right handed) or negative 
(left handed) to the screw rotation;  
 The element length [mm]. 
Kneading elements: 
 The number of flights; 
 The number of kneading disks composing an element; 
 The staggering angle of a kneading disk relative to the previous kneading 
disk [°]; 
 The pitch direction, i.e., the direction of the angle of rotation of the disc 
assembly. This can be either positive or negative; 
 The element length [mm] [25]. 
 
In this work, the screw elements are denoted with the “Coperion designation”. A 
kneading block of 40 mm long, made of five kneading disks, staggered at 45° is 
denoted with “KB 45/5/40”. For conveying elements, the nomenclature is 
pitch/length, so that a conveying element with pitch 24 mm and length 24 mm is 
denoted with “24/24”.  
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3. 2. 2.  Modelling sequence 
Simulations of the flow conditions along the co-rotating twin-screw extruder were 
performed using modelling software developed at the University of Minho. The 
model predicts the behaviour of important process parameters such as cumulative 
and local residence times, pressure, power consumption, average strain, specific 
mechanical energy, average shear rate, or fill ratio. 
 
A general scheme of the plasticizing system inside a typical twin-screw extruder is 
depicted in Figure 3-2. The pressure profile is displayed above the barrel. The 
plasticizing model comprises different zones where different phenomena take place 
and different equations have to be applied. 
 
 
Figure 3-2: General plasticizing scheme inside a typical twin-screw extruder 
together with the pressure profile [22]. 
 
The software comprises the modelling from the conveying of the solid granulate to 
the extrusion of the melt at the die as follows [18, 26, 27] (Figure 3-3): 
 
1. Solids conveying without pressure 
This occurs in the initial screw turns, upstream of the first restrictive 
element. The incoming material remains relatively cold along these first 
screw turns, due to the weak heat transfer associated with flow in partially 
filled channels. Thus, only the residence time and the fill ratio are 
computed, which depend on the operating conditions and screw geometry 
[26]. 
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2. Solids conveying under pressure 
Due to the presence of the first restrictive element, a couple of channels 
upstream become fully-filled and pressure is generated to overcome the 
restrictive element. The solid polymer accumulates and forms a solid plug 
exposed to heat conduction at all surfaces. The model takes into account the 
non-isothermal flow (1D+ model) of a solid plug with heat friction at all 
surfaces. 
 
3. Delay zone 
In this zone, the creation of a melt film occurs when the temperature of the 
polymer near the barrel reaches its melting temperature. The thickness of 
this film increases until a melt pool near the active screw flight is formed. 
Again, a 1D+ model of a non-isothermal flow of a solid plug is used, but 
now with a melt film near the inner barrel surface 
 
4. Melting with high solid content 
Melting is assumed to extend in two stages [28]. After the formation of a 
melt film at the barrel surface, the voids between the closely packed solid 
particles become progressively filled with this melt, creating a solid-rich 
suspension. In this first melting stage, the solid plug is surrounded by melt 
films and a melt pool, which grows in size. This situation can be described 
by the 5-zone melting model proposed by Lindt et al. [29, 30] for single 
screw extruders. This model is used until the melt pool reaches 50% of total 
volume. 
 
5. Melting with low solid content 
When the melt pool reaches 50% of the total polymer, a melt-rich 
suspension is formed. It is assumed that the solid plug instantaneously burst 
into a uniform suspension of pellets in the molten polymer. The progressive 
decrease in particle size can be described by a particle dispersed melting 
model (2D+ model) [13, 31]. For simplicity, particles are modelled to keep 
a spherical shape during melting. Heat transfer and energy balances are 
performed for a single particle. The melt flow is modelled by solving the 
momentum and energy equations while describing the viscosity by the 
Carreau-Yasuda law for concentrated suspensions.  
 
6. Melt conveying under pressure 
A 2D non-isothermal flow of a Non-Newtonian fluid is calculated (2D+).  
 
7. Melt conveying without pressure 
In this section, only drag flow is considered and the pressure is zero. Here, 
adiabatic conditions (i.e., no heat is lost or gained by the system) are 
considered (1D), and only the melt temperature is computed. 
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Figure 3-3: Models for each plasticizing step [18]. 
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Coherent boundary conditions are used to connect the different models together in 
one global model. The process starts with defining the operating conditions (screw 
speed, output and barrel set temperature profile), material properties and screw (and 
die) geometries. The calculations start at the first restrictive element. An iterative 
process is used to determine the screw location, upstream of that restrictive element, 
where pressure generation is initiated. At this initial position, the program computes 
the evolution of pressure, temperature, mechanical power consumption, shear rate, 
viscosity, residence time and fill ratio until the end of the first restrictive zone. If the 
pressure is not zero, the initial position is changed. For this first restrictive element, 
the different models for solids conveying, delay, melting and melt conveying are 
taken into account. In the remaining elements, only the calculation for melt 
conveying is relevant. This iterative procedure is repeated until the die is reached 
[18].  
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3. 3.  IMPLEMENTATION OF TWIN-SCREW MODELLING SOFTWARE 
3. 3. 1.  Introduction 
Starting from the input parameters (operating conditions, polymer properties and 
screw geometry), important local flow parameters such as pressure profile, average 
shear rate, fill rate, average viscosity are calculated along the screw axis (Figure 3-
4). 
 
Figure 3-4: Principle of twin-screw modelling software. 
 
This model is applied to the extrusion machinery at hand. The different input 
parameters for the model are first discussed and then the results of the actual 
modelling are presented. 
3. 3. 2.  Input parameters for the model 
3. 3. 2. a.  Operating conditions 
The operating conditions used for the modelling and the experiments are: a barrel 
temperature (Tb) of 205°C, a screw speed (N) of 150 rpm and an output (Q) of 
3kg/h. 
3. 3. 2. b.  Polymer properties 
The virgin polymer properties were used, without taking into account the changing 
of the polymer properties by the clay particles. In the shear rate range of extrusion 
(1-100 s-1), the viscosity of the polymer is not significantly affected by the presence 
of the clay particles [32], and thus this does not significantly affect the modelling as 
such.  
 
The different properties of the polymer, used for the modelling, are presented in 
Table 3-1. A Netzsch 204F1 DSC was used to determine the specific heat, the 
melting heat and the melting temperature. The remaining properties were taken from 
the literature. 
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Table 3-1: Properties of the homopolymer PP Sabic 531P used for the modelling. 
 PP  
Density [kg/m³] Solids ρs 560 
Melt ρm 740 
Thermal conductivity [W/m.K] Solids ks 0.1 
Melt km 0.16 
Specific heat [J/kg] Solids cs 2480 
Melt cm 2950 
Melting temperature [°C] Tm  170.1 
Melting heat [J/kg] ∆Hm  59.96 x 10³ 
 
The viscosity of a polymer melt can be fitted in equations using various models such 
as the power-law model [33], the Cross model [34], the Carreau model [35] and the 
Carreau-Yasuda model [35-37]. 
 
Here, the viscosity is described by the Carreau-Yasuda law (Equation 3-1). 
 
                                 ߟ =  ߟ଴ (1 + (ߣ̇ߛ)௔)೙షభೌ                   (3-1) 
 
With: 
 ߟ   The viscosity [Pa.s] 
 ߟ଴   The zero shear rate viscosity [Pa.s] 
 λ   The relaxation time [s] 
 n and a   Constants [-] 
 ̇ߛ   The shear rate [s-1] 
Figure 3-5 displays the viscosity curves at different temperatures for the Sabic 
PP531P measured by a capillary rheometer by the supplier. The viscosity in the 
lower shear rate regions (0.1-5 s-1) was measured by rotational rheometry and the 
results can be found in chapter 2.  
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Figure 3-5: Measured viscosity PP Sabic 531P at different temperatures [38]. 
 
The viscosity profiles in Figure 3-5 can be approximated by the Carreau-Yasuda 
equation, using the adequate values in Equation 3-1. Figure 3-6 shows this fitting at 
different temperatures. The values in Table 3-2 were used. The theoretical and 
experimental values display similar values. 
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Figure 3-6: Correlation between measured viscosity and Carreau-Yasuda at different 
temperatures; top: 220°C, middle: 240°C and bottom: 260°C. 
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Table 3-2: Viscosity correlation values using Carreau-Yasuda equation for PP Sabic 
531P. 
Property [unit] Value 
η0 [Pa.s] 5560 
E/R [K] 4500 
λ [s] 0.19 
a 0.97 
n 0.33 
T0 [K] 533 
 
3. 3. 2. c.  Screw geometry 
The standard screw configuration (Figure 3-7) has been discussed in chapter 2. The 
diameter of the screw is 18 mm and it has a L/D ratio of 40. It consists of 10 
different zones which each their own purpose. The first three zones induce the 
melting and the conveying of the polymer/compatibilizer feed. The fourth zone 
consists of right handed conveying elements, as this is the position of the second 
side feeder. The fifth zone consists of three wide kneading blocks, with a staggering 
angle of 45° and which has the main objective to break up the agglomerates fed in 
the side feeder. Zones six and seven are a repetition of the previous two zones. Zone 
eight and nine consist of small kneading blocks and contribute mainly to the 
distribution of the nanoclay in the matrix and the melt homogeneity. Detailed 
information about the element geometry can be found in Table 3-3. 
 
 
Figure 3-7: Twin-screw configuration. 
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Table 3-3: Screw geometry from the hopper to the die; element type in Coperion 
designation. 
Length [mm] Element type 
8 1 x 8/8 
120 5 x 24/24 
48 3 x KB 45/5/16 
32 2 x KB -45/5/16 
72 3 x 24/24 
72 3 x KB 45/5/24 
72 3 x 24/24 
72 3 x KB 45/5/24 
24 1 x 24/24 
16 1 x KB 45/5/16 
16 1 x KB 90/5/16 
16 1 x KB 45/5/16 
16 1 x KB 90/5/16 
16 1 x KB 45/5/16 
8 1 x KB -45/5/8 
72 3 x 24/24 
8 1 x 16/8 
32 2 x 16/16 
 
3. 3. 2. d.  Die geometry 
In the model, the die geometry (Figure 2-6) was simplified to easier geometries. The 
conical part of the die was replaced with a cone in the model. This simplification, 
with the correct dimensions, can be found in Figure 3-8. 
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Figure 3-8: Die geometry computations. Left: front view; right: top view; down: side 
view. All dimensions are in mm. 
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3. 3. 3.  Results 
Important local flow parameters such as pressure profile, shear rate, fill rate, average 
viscosity were calculated along the screw axis for the standard configuration. Figure 
3-9 displays the most important predicted values along its screw axis.  
 
In case of the pressure profile (Figure 3-9, top), one can distinguish three different 
pressure peaks. The first one at approx 200 mm is allocated to the melting of the 
polymer, and is located at the first negative KB. The small one at 600 mm is caused 
by the small negative kneading block near the die exit (KB -45). The last broader 
peak is attributed to the die. The pressure in the other screw sections is near zero 
because in that sections, the screw is not completely filled (RH elements and 
positive KB) and pressure can not be built up.  
 
The temperature increases in the melting zone of the screw where the channel is 
fully-filled. This is due to the more efficient heat conduction from the barrel and to 
viscous dissipation. An increase of the temperature above the melting temperature of 
the polymer up to 205°C (=Tb) occurs. This temperature remains equal along the 
remaining screw sections, but a minor increase can be noticed in the KB near the die 
(KB -45). 
 
The local residence time accumulates in different stages. The local residence time 
depends on the type of element the particle is located. The KB (both positive and 
negative) attribute the most to the cumulative residence time, while this is much 
lower in the conveying elements. All these values are average values because each 
particle follows its own path through the extruder and has a different residence time.  
 
The average shear rate and average viscosity are displayed in the bottom graph. It is 
to be expected that when the shear rate is higher in the extruder, the viscosity is 
decreased and vice versa. The average shear rate in the co-rotating twin-screw 
ranges between 0 and 100 s-1, which are normal values for this extrusion process. 
The big peak pressure at 200 mm is caused by film formation during melting. The 
average shear rate reaches its highest value in the negative KB near the die exit.  
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Figure 3-9: Predicted values; top: pressure and temperature, middle: residence time, 
bottom: shear rate, viscosity as function of position over the screw length. 
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3. 4.  CONCLUSIONS 
In this chapter, an existing model for simulating the behaviour of a compound inside 
the barrel of a co-rotating twin-screw extruder was applied to the extruder used at 
Ghent University. The theoretical background of the model was first presented. The 
different properties of interest of the polymer were determined and together with the 
operating conditions and screw geometry successfully applied to the existing twin-
screw extruder. It is obvious that restrictive elements play an important role in the 
melting behaviour, pressure build-up and mixing capacity of a twin-screw. This 
model will be used in chapter 4 to assess the differences between the screw 
configurations which were used for the production of PP-MMT compounds. 
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Chapter 4  
 
INFLUENCE OF TWIN-SCREW CONFIGURATION ON THE 
PROPERTIES OF MONTMORILLONITE FILLED 
POLYPROPYLENE 
In this chapter, the influence of the twin-screw configuration on the properties 
of MMT filled polypropylene is investigated. After a brief introduction, a set 
of well defined screw configurations is selected and evaluated using both 
numerical simulations and experimental validation. The mechanical and 
morphological properties are observed and compared with samples produced 
by different configurations. 
 
4. 1.  INTRODUCTION 
Chapter 2 briefly describes the influence of different twin-screw extrusion 
parameters (screw speed, temperature and feed rate) on the final properties of the 
PP-MMT composites. In this chapter the effect of the screw configuration is 
investigated. A co-rotating intermeshing twin-screw extruder has a segmented screw 
built-up, making it possible to change the screw geometry desired by the application. 
Changing this configuration changes the behaviour of the polymer melt and filler 
dispersion and distribution. An important aspect in melt processing clay filled 
polymers is to achieve a dispersive mixing, i.e. to break the organoclay 
agglomerates down to individual layers. Several studies revealed that the state of 
dispersion of the nanocomposites is dependent on both shear intensity and residence 
time [1-3]. To be able to compare the different screw configurations the model 
which was discussed in chapter 3 is used and the screw can be compared in terms of 
pressure profile, melt behaviour, maximum strain, and other important parameters. 
 
Different authors [2, 4-7] have made efforts to determine the relevant extrusion 
parameters and screw configurations affecting the state of intercalation and 
exfoliation in polypropylene clay composites. Furlan et al. [6] found that 
‘aggressive’ screw profiles do not always yield the best results in terms of 
mechanical and morphological properties, but in their study, this was attributed to 
the poor PP-organoclay interaction due to the absence of a compatibilizer. 
Lertwimolnun et al. [2] stated that the final state of intercalation is strongly affected 
by the melting of the polymer. The exfoliation of the clay is determined by the 
specific mechanical energy (SME) during extrusion, screw speed and the feed rate 
[4, 5].  
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Kneading blocks (KB) comprise a variable number of kneading disks that can be 
staggered together at different angles (positive, neutral or negative). Positive KB 
convey the material forward while inducing some degree of distributive mixing, 
while negative elements have a considerable dispersive mixing effect [8]. By 
introducing a variety of negative kneading blocks, it is expected that the 
elongational flow of the particles will augment due to obstacles that interrupt and 
reorient the interfacial area. This elongational flow is very important in mixing and 
is much more effective then only applying shear, because in case of shear flow, 
particles in the fluid are not only sheared they are also rotated, as can be seen in 
Figure 4-1. In elongational flow particles undergo a stretching type of deformation 
without any rotation [9]. Elongational flow can thus generate significantly higher 
stresses to disperse agglomerates [10].  
 
 
Figure 4-1: Dispersion of agglomerates in shear and elongational flow [11]. 
 
This chapter focuses on the bulk mechanical properties and the final state of 
intercalation of the composites produced by a variety of different screw 
configurations. These configurations differ in position and amount of negative 
kneading elements and were evaluated with existing twin-screw flow modelling 
software (chapter 3) in order to calculate the important different parameters (melt 
strain, temperature, residence time) for the different configurations. The numerical 
results were evaluated with the final mechanical and morphological properties of the 
samples.  
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4. 2.  SCREW CONFIGURATIONS 
The tightly intermeshing co-rotating twin-screw extruder ZSK 18 MEGAlab from 
Coperion was used to produce the PP nanoclay composite samples. The temperature 
settings, from the hopper to the die, were all set at 205 °C to minimize degradation 
[12]. The screw speed was set at 150 rpm and the feed rate was fixed at 3 kg/h. The 
PP granules, compatibilizer and clay were metered in the required proportions by 
using volumetric feeding units. The ‘reference’ PP-MMT sample characterized in 
chapter 2 was used. 
 
Eight different screw configurations were tested (Figure 4-2). These configurations 
differ in position and amount of restrictive (negative) KB. The melting zone and the 
last three screw elements (pumping zone) were kept constant to compare the effect 
of the mixing section of the screw. Figure 4-2 presents the different screw 
configurations. The melting zone is shown once in configuration 8 and left out for 
the other ones. The position and amount of the negative kneading elements is 
changed each time. In configuration 1, they are all separated from each other, while 
in configuration 2 to 4 they are together forming one large negative kneading block 
(KB). Configurations 5 to 7 combine two negative blocks at different places. 
Configuration 8 only comprises one small negative KB at the end of the screw. 
 
 
 
Figure 4-2: Screw configurations differing in position and number of negative 
kneading elements. 
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4. 3.  NUMERICAL SIMULATIONS 
4. 3. 1.  Methods 
Simulations of the flow conditions along the co-rotating twin-screw extruder were 
performed using modelling software as discussed in chapter 3. In brief, this software 
comprises the modelling from solids conveying until the die end as follows [8, 13, 
14]:  
1. solids conveying under pressure, taking into account 1D+ model of a 
non-isothermal flow of a solid plug with heat friction at all surfaces; 
2. delay zone, similar to the previous model taking into consideration 
1D+ model of a non-isothermal flow of a solid plug, but now with a 
melt film near the inner barrel surface;  
3. melting zone I (1D + 2D models) considering the 5-Zone Lindt model, 
where the melt pool increases its dimensions until 50% of melting is 
reached;  
4. melting zone II (1D model), characterized by melting of particles 
flowing in a melted mass, where the size of the pellets diminishes until 
total melting;  
5. melt conveying under pressure (2D+ model), characterized by a 2D 
non-isothermal flow of a Non-Newtonian fluid;  
6. melt conveying without pressure (1D), where adiabatic conditions (i.e., 
no heat is lost or gained by the system) are considered, and only the 
melt temperature is computed;  
7. pressure melt flow in the die (2D+ model), characterized by a 2D non-
isothermal flow of a Non-Newtonian fluid.  
Important local flow parameters such as pressure profile, shear rate, fill rate, average 
viscosity were calculated along the screw axis for the different configurations.  
 
The different properties of the polymer, used for the modelling, are presented in 
Table 4-1. The viscosity is described by the Carreau-Yasuda law (Equation 3-1) [15, 
16]. The virgin polymer properties were used, without taking into account the 
changing of the polymer properties by the clay particles. In the shear rate range of 
extrusion (1-100 s-1), the viscosity of the polymer is not significantly affected by the 
clay [5], and does not significantly affect the modelling as explained in chapter 3.  
 
The operating conditions used for the modelling and experiments are: barrel 
temperature (Tb) of 205°C, screw speed (N) of 150 rpm and output (Q) of 3 kg/h. 
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Table 4-1: Properties of the homopolymer PP Sabic 531P used for the modelling. 
 PP  
Density [kg/m³] Solids ρs 560 
Melt ρ 740 
Thermal conductivity [W/m.K] Solids ks 0.1 
Melt km 0.16 
Specific heat [J/kg] Solids cs 2480 
Melt cm 2950 
Viscosity Carreau-Yasuda law η0 [Pa.s] 5560 
E/R [K] 4500 
λ [s] 0.19 
a 0.97 
n 0.33 
T0 [K] 533 
 
 
4. 3. 2.  Results 
Figure 4-3 displays the most important predicted values for screw configuration 1 
along its screw axis. The negative kneading elements are separated in this 
configuration. When looking at the pressure profile, one can notice four pressure 
peaks. The first one at approximately 200 mm is attributed to the melting of the 
polymer. The next three are caused by the three separated negative kneading blocks. 
The third one is slightly smaller in width (8 mm) and is consequently smaller in 
pressure peak. The last broader peak is attributed to the die. The pressure in the 
other screw sections is zero (chapter 3) [17].  
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Figure 4-3: Predicted values for screw configuration 1; a) pressure; b) residence 
time; c) shear rate, viscosity as function of position over the screw length. 
 
The local residence time has a quite similar behaviour with four distinct peaks also 
attributed to the same phenomena. The average shear rate and average viscosity are 
displayed in part c. It is to be expected that when the shear rate is higher in the 
extruder, the viscosity is decreased and vice versa. The average shear rate in the co-
rotating twin-screw ranges between 0 and 100 s-1, which are normal values for this 
extrusion process. The big peak pressure at 200 mm is caused by film formation 
during melting and is not taken into account when calculating average strain.  
 
The maximum strain is calculated by multiplying the maximum local shear rate and 
the local residence time. This parameter can be used as a measure of the mixing 
induced in the polymer. However, this measure does not take into account other 
important mixing phenomena occurring mainly in the intermeshing region, which 
are responsible for a considerable degree of mixing accomplished by the process. 
The elements with the highest maximum strain are situated in the negative KB and 
already begins upstream of them (Figure 4-4). The set of negative KB is separated 
for configuration 1, and in the case of configuration 3 the elements are put together 
at a L/D position of 36. The maximum strain always occurs inside this restrictive 
element (Table 4-2). The values depend on the configuration: the more restrictive 
elements together, the higher the maximum strain. When the length of the clusters of 
negative elements are in the same range, the maximum values are also comparable. 
Configuration 8 accounts for the lowest average and maximum strain due to the 
small number of negative KB. 
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Table 4-2: Predictions of extrusion parameters for different configurations. 
Configuration Maximum strain Tmax 
[°C] 
Avg 
Strain 
tres 
[s] Value [-] Position 
[L/D] 
1      - + - + - 2705 37.6 218.99 11.31 118 
2      - - - + + 3007 17.6 223.00 11.53 121 
3      + + - - -  3123 36.3 223.06 11.54 121 
4      + - - - + 3095 25.2 223.08 11.92 120 
5      - + - - + 2794 26.5 221.06 11.38 118 
6      + - + - - 2794 37.11 221.00 11.38 118 
7      - + + - -  2800 37.7 220.96 11.03 119 
8     + + + + - 2403 37.1 222.00 9.93 113 
 
 
Figure 4-4: Predicted maximum strain as function of L/D for screw configuration 1 
and 3. 
 
The highest maximum temperature can be found in the configurations where the 
negative elements are all together. In those cases, the cumulative residence time is 
slightly higher. Depending on the configuration, the maximum strain will be located 
nearby or further away from the side feeder where the clay is fed into the extruder. 
These results show that the position and the amount of negative elements play an 
important role in the screw characteristics. This could yield some differences 
regarding the clay intercalation and exfoliation, which strongly affects the 
mechanical properties of the composites [18]. 
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4. 4.  EXPERIMENTAL CHARACTERIZATION 
4. 4. 1.  Mechanical properties 
4. 4. 1. a.  Methods 
Tensile properties (ASTM D638) were measured using an Instron 3601 
dynamometer, with a load cell of 2 kN. Strain was measured with a 2630-100 
Instron clip-on extensometer. The crosshead speed was set at 10 mm/min until 50% 
of strain, at which point the extensometer was demounted, followed by a speed of 50 
mm/min until rupture. The specimens were stamped out of the produced sheets 
according to geometry type IV. The samples were conditioned at 23 °C and 50% 
relative humidity for a period of three weeks. The elastic modulus was calculated as 
the slope of the linear (elastic) part of the stress-strain curve.  
 
Izod impact properties (ISO 180) were determined using a Zwick 5110-100/00 
impact tester, with a 2,75 J hammer. Mechanical property values reported in this 
chapter represent an average from measurements on at least five specimens per 
compound. 
4. 4. 1. b.  Results 
Figure 4-5 displays the elastic modulus of the PP-clay composites produced using 
the different screw configurations. The modulus of the virgin PP was previously 
determined as 1250 ± 32 MPa. Adding 4 wt% organoclay leads to an increase of the 
stiffness by around 30%. When one compares the different screw configurations, the 
stiffness of the samples are not significantly altered (ANOVA, p=0.269). A similar 
trend was noticed in the yield stress (Table 4-3). This indicates that the position and 
length of negative restrictive elements does not affect the tensile properties of the 
composites. The same large standard deviation on the values was noticed as 
mentioned and discussed in chapter 2. 
 
The impact strength for the different configurations is presented in Table 4-3. The 
impact strengths are slightly higher than those of the neat PP (15.59 ± 1.06 kJ/m2), 
but as with the tensile properties, they do not change significantly between the 
different screw configurations (ANOVA, p=0.589).  
Chapter 4 Twin-screw configuration 
 
 83
 
Figure 4-5: Elastic modulus of PP-clay composites with different screw 
configurations. 
 
 
Table 4-3: Mechanical properties for different configurations. 
Configuration Yield stress [MPa] Izod Impact Strength [kJ/m2] 
1      - + - + - 34.8 ± 2.1 18.38 ± 0.88 
2      - - - + + 32.7 ± 2.2 19.02 ± 1.30 
3      + + - - -  33.2 ± 2.5 18.12 ± 0.33 
4      + - - - + 34.4 ± 2.2 18.44 ± 0.98 
5      - + - - + 32.8 ± 1.4 19.01 ± 0.56 
6      + - + - - 34.9 ± 2.3 18.39 ± 0.90 
7      - + + - -  34.7 ± 2.1 18.56 ± 0.65 
8      ++++ - 33.5 ± 2.3 18.54 ± 0.70 
 
 
 
4. 4. 2.  Morphological properties 
4. 4. 2. a.  Methods 
XRD analysis was performed using a powder XRD Thermo Scientific ARL X’TRA 
(CuKα radiation) over a 2θ range of 1.5° and 12°, in steps of 0.02°. The wavelength 
λ for the Cu Kα radiation is 0.1540562 nm. 
 
A JEOL JSM5600LV SEM was used to characterize the microstructure of the 
samples by examining the brittle fracture surface of the samples. Said brittle fracture 
was achieved by cryogenic breaking under liquid nitrogen cooling. The accelerating 
voltage was 10 kV.  
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4. 4. 2. b.  Results 
The interlayer distance of the clay in the PP-clay composites is calculated using 
Bragg’s law (chapter 2). An example is given in Figure 4-6, where the diffractogram 
for the virgin powder clay is compared with the produced nanocomposite with 
configuration 2. 
  
 
Figure 4-6: XRD diffractogram for pristine Cloisite 15A MMT clay (CL15) and 4 
wt% clay extruded with configuration 2. 
 
Table 4-4 shows the interlayer distance calculated for the different screw 
configurations. The  interlayer distance has been calculated as the average of the 
d001, d002 and d003 reflections using Bragg’s law. These values are difficult to 
compare when one doesn’t have an idea about the error on the measurements. 
Different measurements on the same sample were performed. These show that the 
standard deviation of an XRD analysis on our samples is approximately 0.060 nm 
(Table 4-5).  
 
This indicates that the differences which can be noticed between the configurations 
are too small to be considered significant. The measurements fluctuate around 3.70 
nm for 4 wt % MMT. These results will be discussed further on.  
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Table 4-4: Interlayer distance of PP-clay composites with different screw 
configurations. 
Screw configuration Interlayer distance [nm] 
1      - + - + - 3.66 
2      - - - + + 3.85 
3      + + - - -  3.66 
4      + - - - + 3.70 
5      - + - - + 3.58 
6      + - + - - 3.62 
7      - + + - -  3.66 
8      ++++ - 3.75 
 
 
Table 4-5: Different interlayer distances measured on the same sample. 
Measurement Interlayer distance [nm] 
1       3.66 
2       3.78 
3       3.67 
4      3.66 
 
 
Figure 4-7a shows a SEM image of the cryogenic fracture surface of parts made 
with the configuration 5 (negative KB split up). The fracture displays some of the 
craze-like aspects typical of brittle fracture: it may be observed how in this region, 
the fracture has originated in the lower left corner of the image field, with fracture 
lines angling out upwards. Closer inspection of the marked area, shown in Figure 4-
7b, reveals a somewhat sheared appearance of the fracture surface, indicating that 
the ductile nature of the PP is maintained with the mixing in the reinforcing clay 
component. This corresponds well to the impact testing results. No fibrillar shearing 
was observed, but this is not expected at cryogenic temperatures. Also in Figure 4-
7b, a small perpendicular crack and a rounded microvoid were observed. It was 
found that the fracture surfaces were similar for all the screw configurations tested 
and even to that of the virgin PP, although the latter showed a slightly more sheared 
surface and no observable microvoids. By means of illustration, Figure 4-7c shows a 
SEM image of the cryogenic fracture surface of parts made with the screw 
configuration 4 (negative KB clustered in the middle of the screw) and Figure 7d of 
the neat PP.   
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Figure 4-7: SEM images at low (a) and higher (b) magnification of configuration 5, 
configuration 4 (c) and neat PP (d). 
4. 5.  DISCUSSION  
As chapter 2 had shown, the optimum mechanical properties were obtained for 4 
wt% MMT and 8 wt% compatibilizer. The current experiments, which evaluate the 
impact of the different screw configurations, were thus initially conducted for 4 wt% 
MMT. As no significant differences in mechanical properties and interlayer 
distances could be observed, the possibility was considered that the process 
capability was at its maximum with the current set-up of both machine and material 
and could therefore not be further improved upon by adapting the screw 
configuration. Thus the question was raised whether it would be possible to improve 
the hitherto observed properties of the material with a lower wt % clay and perhaps 
bring them to the level of the 4% clay compounds. This would be beneficial from 
the economical point-of-view since reducing the amount of clay would reduce the 
overall cost of the composites. The experiments where therefore repeated using 2 
wt% clay, with the same ratio of 2:1 compatibilizer/clay as the previous 
experiments.  
 
Table 4-6 summarizes the mechanical results for these measurements. The elastic 
modulus with the different configurations for 2 wt % clay fluctuates around 1400 
MPa and does not change significantly between the configurations (ANOVA, 
p=0.102). This indicates that the level of clay loading has in fact been determinant 
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for the final properties in these composites, and cannot be augmented by differences 
in mixing during one step extrusion with the current equipment.  
 
Table 4-6: Elastic modulus for 2wt% MMT samples produced with different screw 
configurations. 
Screw configuration E-modulus ± stdev [MPa] 
1      - + - + - 1415 ± 121 
2      - - - + + 1464 ±107 
3      + + - - -  1317 ± 83 
4      + - - - + 1384 ± 105 
5      - + - - + 1429 ± 32 
6      + - + - - 1545 ± 120 
 
Overall, these results show that the final mechanical and morphological properties 
remain quite similar with different positions of negative elements. This could be 
explained by the fact that the ultimate state of intercalation is already largely reached 
in the melting zone of the extruder, as was proposed by Lertwimolnum et al. [2]. 
They managed to follow the intercalation along the screw axis by doing dead stop 
experiments and taking samples along the screw axis. The intercalation induced in 
the melting zone did not change much afterwards in the kneading and dispersion 
blocks.  
 
The other important property, which is much harder to quantify, is the state of 
exfoliation, which was investigated by Domenech et al. [5]. They found that said 
state is largely determined by a few parameters, amongst which the feed rate, screw 
speed and specific mechanical energy (SME). In our study, the screw speed and feed 
rate were kept constant. The only minor differences occurred in the SME. The effect 
of the changes made in the screw configuration for these experiments has been 
found to be too small to be seen in macroscopic properties like tensile and impact 
values. The differences in maximum melt strain have been significant, but once the 
platelets shear apart and start to peel off, this difference ceases to matter. This 
indicates that the final properties depend much more on the clay loading, screw 
speed, feed rate and proper mixing, then on the mixing itself. Once it reached this 
final state of intercalation/exfoliation, it is very difficult to yet increase the final 
properties. 
 
Finally, it is observed that the addition of the nanoclay has a toughening effect on 
the PP matrix, even if they have been found to reduce the ductility of the material in 
tensile testing. This is attributed to their ability to instigate micro-void nucleation. 
One such micro-void was shown in Figure 4-7b. These micro-voids are capable of 
dissipating noteworthy amounts of energy by triggering large-scale plastic 
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deformations. This phenomenon was previously described and quantified by Yuan et 
al. [19]. 
 
4. 6.  CONCLUSIONS 
The model applied to the twin-screw extrusion process showed to be able to rapidly 
evaluate the processing behaviour of a screw configuration. This was used as a tool 
to help determining the influence of the twin-screw configuration on the properties 
of MMT filled polypropylene. A set of well defined screw configurations was 
selected and evaluated using both numerical simulations and experimental 
validation. The mechanical and morphological properties were observed and no 
significant differences in mechanical properties and interlayer distances could be 
observed, both with 4 wt% and 2 wt% MMT. It was believed that the ultimate state 
of intercalation was already largely reached in the melting zone of the extruder. The 
state of exfoliation was largely determined by a few parameters, amongst which the 
feed rate, screw speed and specific mechanical energy (SME), but the differences 
proved to be too small to account for differences in mechanical and morphological 
performance. 
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Chapter 5  
 
REPROCESSING OF MONTMORILLONITE FILLED 
POLYPROPYLENE 
In this chapter, the effect of multiple extrusion reprocessing cycles on the 
properties of montmorillonite-filled polypropylene is investigated. After a 
brief introduction, the rheological, mechanical, physical-chemical and 
morphological properties are investigated. The materials were characterized 
by melt flow index, plate-plate rheometry, tensile testing and impact 
measurements, differential scanning calorimetry, X-ray diffraction and 
scanning electron microscopy. This was followed by a discussion of the 
results. 
 
5. 1.  INTRODUCTION 
The recycling of different PP-based conventional composite systems is of current 
focus of many researchers [1-8]. Multiple extrusion of these materials under 
intensive shearing at elevated temperature can lead to thermal (temperature), 
thermal-oxidative (temperature and oxygen) and thermal-mechanical (temperature 
and shear level) degradations of the matrix and to modification of the filler 
morphology. The effect of reprocessing on the final properties depends on the 
considered system (composition and nature of the raw materials) and on the 
conditions of the processing (shear level, temperature, polluting agents and number 
of cycles).  
 
When looking to commercial nanofillers, the world market for nanoclays was worth 
USD 202.4 million in 2009, while the predictions for 2015 are a growth to USD 
290.7 million. The largest markets comprise the flame retardant and packaging 
sectors [9]. Due to this growing market of polyolefin based nanocomposites, some 
effort also has been made regarding the recycling and reprocessing of these type of 
composites.  
 
A literature review shows that different polymer matrices for the recycling of 
nanocomposites have been studied such as polyethylene [10, 11], polyamide [12-
15], poly(ethylene vinyl acetate) [16] and acrylonitrile butadiene styrene [17]. These 
studies indicate the possibility for reprocessing to enhance the properties of these 
materials, and their results could also stimulate the future recycling of clay filled 
polymers. MMT was also evaluated as a compatibilizer in the blending of different 
recycled polymers [18].  
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Most commonly, the researchers investigating the reprocessing of PP 
nanocomposites, have used a combination of a mixer (melt mixing of the 
components) and a compression mould (producing thin films) [19, 20]. A recent 
study by Touati et al. [20] showed the effects of different processing times (mixing 
time) on the structure and properties of PP/MMT nanocomposites. These authors 
found that the thermal and mechanical properties of these nanocomposites were 
significantly reduced after four processing cycles. They concluded that 
nanocomposite recycling is far more complex than regular filled composites because 
the resulting structure affects its properties drastically.  
 
Only few researchers have tried determining the effect of multiple effective twin 
screw extrusion steps on the properties of these composite systems. Oikonimidou et 
al. studied the effect of extrusion reprocessing on the structure and properties of 
isotactic PP (iPP), reinforced with MMT clay [21]. However, the number of 
extrusions was limited to five and the study lacked a microscopic evaluation of the 
matrix/clay behavior. Silvano et al. [22] investigated the degradation of PP/MMT 
using twin-screw extrusion and noticed a increase in interlayer distance between the 
individual clay particles indicating an increase in intercalation/exfoliation. This 
study however made no comparison between the nanocomposites, virgin PP and 
PP/compatibilizer mixtures. Also, no mechanical and morphological 
characterization was performed.  
 
In this chapter, polypropylene reinforced with organic modified MMT and coupling 
agent were subjected to 15 extrusion cycles. They were compared to reprocessed 
virgin PP and mixtures of PP/compatibilizer to determine the effect of both the 
nanoclay and the compatibilizer separately. The composites have been characterized 
by melt flow index (MFI), plate-plate rheometry, tensile testing and impact 
measurements, differential scanning calorimetry (DSC), X-ray diffraction and 
scanning electron microscopy (SEM). Figure 5-1 schematically displays the 
followed procedure. 
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Figure 5-1: Scheme of extrusion reprocessing.  
 
5. 2.  REPROCESSING METHOD 
The different samples were prepared on the ZSK 18 MEGAlab corotating twin-
screw extruder (Coperion). A standard compounding screw configuration (Chapter 
2, Figure 2-6) was mounted. The screw speed was set at 150 rpm with a total feed 
rate of 3 kg/h. Barrel temperature was controlled at 205°C for all heating blocks. All 
samples were subjected to a maximum of 15 extrusions after regranulating the 
materials in between. Thin sheets (19 mm x 2 mm) were directly extruded at each 
extrusion step and cooled between calender rolls so that the relevant properties can 
be measured directly. The average residence time for one extrusion step was 70 s. 
 
The clay content was fixed at 4 wt% with a constant compatibilizer-clay ratio of 2 to 
1, namely 8 wt% compatibilizer (chapter 2). The properties of the MMT clay filled 
samples were compared to unfilled PP and to a mixture of PP and compatibilizer (8 
wt%). The different samples are listed in Table 5-1. The PP granules, compatibilizer 
and MMT clay were metered in the required proportions by using volumetric 
feeding units. All the materials were dried at 80 °C during 6 h in a vacuum dryer 
prior to melt processing.  
 
Table 5-1: Denotation and composition of the samples. 
Sample denotation PP/PP-g-MA/MMT [wt%] 
PP 100/0/0 
PP-MMT 88/8/4 
PP-COMP 92/8/0 
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5. 3.  RHEOLOGICAL PROPERTIES 
5. 3. 1.  Introduction 
The rheological properties of the composites were determined both using melt flow 
index (MFI) measurements and plate-and-plate rheometry. The MFI is a single point 
measurement of the ease of flow of polymers and gives an indication of the viscosity 
of a material [23]. A higher melt flow index correlates with a lower viscosity at that 
fixed shear rate. The plate-and-plate rheometer is a device which measures the 
viscosity of a sample in the low shear rate region (typically between 0.01 and 5 s-1). 
 
The basic principles of rheology and viscosity have already been explained briefly in 
chapter 2. 
5. 3. 2.  Methods 
The MFI was determined according to ISO 1133 with a Zwick Plastometer 4100 at a 
temperature of 230°C and a weight of 2.16 kg. An average of ten measurements was 
made. 
 
The rheological flow properties (shear stress, viscosity) in the shear rate range 
between 0.01 s-1 and 5 s-1 are measured using a plate-and-plate type standard 
rheometer (Anton Paar MCR-302), with a plate diameter of 25 mm and a gap 
between the plates of 1 mm. The results were analyzed using the Rheoplus software.  
5. 3. 3.  Results 
Figure 5-2 shows the melt flow results for the different materials as function of 
number of extrusions. Multiple reprocessing leads to an increase in MFI for all 
samples. This effect is most pronounced in case of the PP-COMP samples. 
According to the data sheet of the supplier, the MFI of the virgin PP-g-MA is around 
30 g/10 min. The PP-MMT samples exhibit a similar value than the PP samples, 
tending to be lower at low number of extrusions.  
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Figure 5-2: Melt flow index as function of number of extrusions. 
 
Figure 5-3 shows the rheological properties of reprocessed PP, PP-MMT and PP-
COMP. The η0 decreases for all samples with increasing number of extrusions. 
Chain scission causes a reduction in molecular weight and hence lowers the zero 
shear rate viscosity. This decrease in η0 is much more pronounced in case of the PP-
COMP samples. The same trend was already noticed in the MFI results as shown in 
Figure 5-2. This is an indication that chain scission occurs in all samples, but it is 
enhanced by the presence of the compatibilizer. For the PP-MMT samples, this 
reduction seems relatively smaller (also visible in MFI results). This could be due to 
two opposed effects, one being the degradation of the PP matrix and two, the 
intercalated MMT clay which still strengthen the matrix. Table 5-2 shows this 
decrease in η0 for all samples, where the proportional loss in η0 is the most 
pronounced for PP-COMP (80%), followed by PP (73%) and PP-MMT (58%).  
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Figure 5-3: Measured viscosity of PP, PP/MMT and PP/COMP after one extrusion 
() and five extrusion ( ■) steps. 
 
 
 
Table 5-2: Zero shear rate viscosity for PP, PP-MMT and PP-COMP after one and 
five extrusions. 
Material 
η0 [Pa.s] 
1 extrusion  5 extrusions  
PP  5500  1500  
PP-MMT  7200  3000  
PP-COMP  2500  500  
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5. 4.  MECHANICAL PROPERTIES 
5. 4. 1.  Methods 
Tensile properties (ASTM D638 – Type IV) were measured using an Instron 3601 
dynamometer, with a load cell of 2 kN. The dynamometer was equipped with a 
2630-100 Instron clip-on extensometer (gauge length 25 mm). The crosshead speed 
was set at 10 mm/min until 50% strain, at which point the extensometer was 
removed, followed by a speed of 50mm/min to sample breakage. The specimens 
were stamped out of the produced sheets according to geometry type IV (chapter 2). 
The samples were conditioned at 23 °C and 50% relative humidity for a period of 
three weeks to avoid effects of post-crystallization. The tensile modulus was 
calculated as the slope of the linear (elastic) part of the stress-strain curve.  
 
Izod impact properties (ISO 180) were determined using a Zwick 5110-100/00 
impact tester (hammer of 1J).  
 
Mechanical property values reported in this paper represent an average from 
measurements on at least five specimens per compound. 
5. 4. 2.  Results 
Figure 5-4 displays the elastic modulus of the different samples as function of the 
number of extrusions for PP, PP-COMP and PP-MMT. Introducing 4wt% MMT in 
PP increases the stiffness of the PP-MMT value to about 1650 MPa. This 
corresponds with an increase of around 30% in comparison with virgin PP, and is in 
comparison with earlier reported values in chapter 2. As multiple processing 
continues, the modulus of the PP-MMT samples increases to a maximum after 3 to 5 
extrusions. Then, it decreases again, to drop beneath its starting value after 9 
extrusions.  
 
However, both the PP-COMP and PP samples display a constant modulus (~1200 
MPa) throughout the multiple extrusions, with a narrow standard deviation on the 
measurements. The measurements on PP-COMP could only be executed up to nine 
extrusions due to the strong decrease in viscosity noticed in these samples, making it 
impossible to process these samples past the ninth extrusion (Figure 5-2).  
 
Although the stiffness of the unfilled PP remains constant, the reduction in viscosity 
(Figure 5-3) indicates the occurrence of chain scission. Apparently, this does not 
lead to a decrease in mechanical properties. This has also been observed by 
Stromberg and Karlsson [25], and could be attributed to the presence of stabilizers in 
commercial polypropylenes. 
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Figure 5-4: Elastic modulus as function of number of extrusions for PP, PP-MMT 
and PP-COMP. 
 
The impact properties of the different samples are displayed in Figure 5-5. One can 
notice that the PP samples retain their impact strength after multiple extrusions 
cycles in contrast to the PP-COMP and PP-MMT samples who clearly lose some of 
their impact strength. The impact strength after one extrusion is also slightly higher 
for the PP-MMT sample then the neat PP, which is also reported by Yan et al. [26] 
and is explained by the ability of the small clay particles to instigate micro-void 
nucleation and dissipate energy by triggering large-scale plastic deformation.  
 
The deterioration of the impact properties is most pronounced for the PP-MMT 
samples. This could be related to the loss of compatibilizing effect and hence the 
detaching of the MMT clay in the PP matrix.  
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Figure 5-5: Impact strength as function of number of extrusions for PP, PP-MMT 
and PP-COMP. 
 
5. 5.  PHYSICAL-CHEMICAL PROPERTIES 
5. 5. 1.  Methods 
Differential scanning calorimetry (DSC) was performed using a Netzsch 204 F1 
equipment under nitrogen atmosphere. Approximately 20 mg of sample material in 
an open aluminium pan was referenced against an empty open aluminium pan. A 
two stage heating programme between 25°C and 205°C with a scanning rate of 
10°C/min was used. The melting temperature (Tm), crystallization temperature (Tc), 
melting enthalpy (∆Hm) and crystallization enthalpy (∆Hc)  were determined during 
second heating to remove thermal history.  
 
5. 5. 2.  Results 
Table 5-3 shows the thermal properties measured by DSC (Figure 5-6) of the PP-
MMT samples at different number of extrusions. During cooling, a higher number of 
extrusions leads to early crystallization (higher Tc). This can be explained in 
accordance with the rheological results (Figure 5-3). Due to thermal oxidation, chain 
scissions occur in the polymer and the smaller molecules can crystallize more easily. 
This phenomenon can also be seen during heating. Increasing the number of 
extrusions also ensures a higher amount of crystallinity, which is noticed in the 
higher amount of melting enthalpy. The shorter polymer chains can form crystals 
more easily and thus the crystallinity increases. This phenomenon has been 
previously described in the literature [13, 20]. 
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Table 5-3: Thermal properties of multiple extruded PP
Number of extrusions  
PP-MMT 
1 
4 
7 
12 
 
 
Figure 5-6: DSC signals 
samples. The number of extrusion cycles is indicated
 
 
The melting temperature of a semi
the molecular weight by the following equation
 
                               
with: 
 Tm   
 T0m   
 ∆HmM,u  
 R   
 Pn   
This equation shows that the lower measured melting temperature of the PP
samples can be correlated with the loss in molecular weight
noted in the rheology results (Figure 5
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-MMT samples. 
 Tm 
[°C] 
Hm 
[J/g] 
Tc 
[°C] 
168.0 80.79 109.8 
166.9 83.19 112.9 
166.5 87.83 114.7 
166.8 93.39 114.7 103.00
(heating and cooling) of multiple reprocessed PP
. 
-crystalline polymer is amongst others related to 
 [27]:  

 

  
	

∆, . 

                                
The melting temperature [K] 
The melting temperature at infinite molecular weight [K]
The molar melting enthalpy per unit of monomer 
The gas constant [J/(K.mol)] 
The number average degree of polymerization [-]
, which was previously 
-3). 
 
Hc 
[J/g] 
91.81 
91.50 
96.80 
 
 
-MMT 
(5-1) 
 
[J/mol] 
 
-MMT 
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5. 6.  MORPHOLOGICAL PROPERTIES 
5. 6. 1.  Methods 
XRD analysis was performed using a powder XRD Thermo Scientific ARL X’TRA 
(CuKα radiation) over a 2θ range of 1.5° and 12°, in steps of 0.02°. The wavelength 
λ for the Cu Kα radiation is 0.1540562 nm. The interlayer distance of the clay in the 
PP-MMT composites is calculated using the Bragg’s law (chapter 2). 
 
A JEOL JSM5600LV SEM was used to characterize the microstructure of the 
breaking surface of the samples. The accelerating voltage was set at 10 kV. The 
samples were fractured in liquid nitrogen to preserve the observed microstructure.  
5. 6. 2.  Results 
An overview of the calculated interlayer distances of the PP-MMT samples is shown 
in Table 5-4. The virgin Cloisite 15A powder has a measured interlayer distance of 
3.60 nm (chapter 2). The average standard deviation on the X-ray measurements is 
approximately 0.06 nm as calculated in chapter 4. After the first extrusion, the 
interlayer distance increases to 3.81 nm. Further extruding the samples leads to a 
maximum intercalated distance of 4.02 nm after twelve extrusion cycles. This 
indicates that multiple extruding PP-MMT samples can increase interlayer distances 
between the individual clay platelets, and this can be maintained over many 
extrusions (i.e. 12). 
 
Table 5-4: Interlayer distance PP-MMT samples calculated using the Bragg’s law 
(Equation 5.2). 
Number of  
extrusions  
Interlayer 
distance 
[nm]  
1  3.81 
3  3.80  
5  3.97 
7  3.94  
9  4.01 
12  4.02  
 
Figure 5-7 displays the SEM micrographs of freeze-fractured surfaces of PP-MMT 
samples after one extrusions and Figure 5-8 shows the same sample after 11 
extrusions. We can notice a more pronounced brittle fracturing in case of 
reprocessed samples (Figure 5-8) in comparison with one time extruded samples 
(Figure 5-7). This is evidenced by the larger amount of delaminations and fracture 
fissures, some of them quite sharply edged. 
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Figure 5-7: SEM micrographs of freeze-fractured surfaces of PP-MMT samples after 
1 extrusion; left) x90,  right) x270. 
 
 
 
Figure 5-8: SEM micrographs of freeze-fractured surfaces of PP-MMT samples after 
11 extrusions; left) x140,  right) x550. 
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5. 7.  OVERVIEW AND DISCUSSION 
5. 7. 1.  Overview of the results 
The results can be summarized as follows: 
 
 The stiffness of PP-MMT shows an initial increase, with a maximum 
around 5 extrusions. 
 After nine extrusions, the stiffness of PP-MMT drops below its starting 
value.  
 The strongest increase in MFI can be found in the PP-COMP sample, while 
PP and PP-MMT display the same minor increase. This suggests the largest 
amount of chain scissions occurs for PP-COMP. 
These results are illustrated in Figure 5-2 and Figure 5-4. 
 
These main results are first discussed, after which additional measurements are 
performed before coming to a final conclusion.  
5. 7. 2.  Discussion 
5. 7. 2. a.  initial increase in stiffness of PP-MMT 
When comparing the tensile modulus results and the intercalation by X-ray 
diffraction, some similarities can be noticed. The largest increase in interlayer 
distance occurs between 3 and 5 times extrusion (3.80 versus 3.97 nm), and this 
increase corresponds with the peak in elastic modulus in Figure 5-4. The residence 
and mixing time is longer, and almost no degradation of the matrix has occurred. 
The supplementary stresses induced on the composite by multiple reprocessing 
allow yet a further dispersion of the MMT filler with consequently a higher 
intercalation level. This enhancement in interlayer distance by multiple processing 
also has been reported in other polymeric matrices by other authors; for example in a 
polyamide-polyethylene blend [29], poly (acrylonitrile-butadiene-styrene) [17] and 
polyamide [13]. 
5. 7. 2. b.  drop in stiffness of PP-MMT after nine extrusions  
When looking at the MFI results, it can be seen that nine times extrusion for the PP-
COMP samples was the maximum achievable. The viscosity dropped drastically 
which rendered these samples not extrudable anymore. Moreover, when looking at 
the SEM pictures (Figure 5-7 and Figure 5-8), we noticed a more pronounced brittle 
fracturing in case of reprocessed samples in comparison with one time extruded 
samples. There are much more lines of fracture present on the fracture surface.  
 
This we can correlate with the decrease in elastic modulus and impact strength 
measured on these samples. Thompson and Yeung [30] suggested that maleic 
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anhydride functional groups can promote chain scission in olefin elastomer matrices. 
The chain scission occurs more likely due to the participation of its grafted 
functional group as a chain transfer agent. Oxidative modification of the matrix as a 
result of degradation could have a negative effect on the stiffness of the material [19, 
31].  
 
Although, the PP-MMT samples contain the same amount of compatibilizer as the 
PP-COMP samples, the amount of chain scissions is yet much lower as the increase 
in MFI is less remarkable. This indicates that the promotion of chain scission by the 
anhydride functional group is not so strong when MMT particles are present. The 
PP-g-MA compatibilizer acts at the surface of the silicate layers, and thus sterical 
hinder by the MMT could temper the chain scissions in the PP matrix. Figure 6-3 
show that both PP and PP-COMP retain their stiffness, suggesting that the drop in 
stiffness for PP-MMT samples is related to a different phenomenon. The mechanism 
of this β-chain scission is discussed in paragraph 5.7.2.c. 
 
A second possibility to explain the loss in stiffness after multiple extrusions is a 
reduced matrix-filler interaction. There are several interactions in an intercalated 
structure (Figure 2-3): the interactions between PP and MMT, PP and surfactant, PP 
and compatibilizer and between the surfactant and the MMT surface. The increase in 
stiffness is dominated by the PP-g-MA molecules on the interface between the 
apolar PP and the polar organoclay. They prevent phase separation and transfer 
stresses to the filler. Two different aspects have to be considered here: 
 
 Possible degradation of the PP backbone on the PP-g-MA coupling agent 
which can cause a reduced affection with the PP matrix; 
 Reduced interaction of PP with the surfactant. 
The reduced interaction with the surfactant could be caused by thermal degradation 
of the organoclay itself. This possibility is investigated in detail in paragraph 5.7.3. 
5. 7. 2. c.  β-chain scission 
The mechanism of β-chain scission is displayed in Figure 5-9. During processing, 
thermal heating can cause the formation of radicals on the MA components. An 
MA-complex radical can then abstract hydrogen from a tertiary carbon on a PP 
chain to form a PP macroradical. The macroradical then most probably undergoes β-
scission, which causes the formation of a double bond in β-position and which 
results in molecular weight reduction. This also reduces the thermal and color 
stability of the materials [32]. This phenomenon is most pronounced in case of PP-
COMP samples. As already mentioned, the presence of MMT particles hinder the 
chain scissions in the PP-MMT samples. 
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Figure 5-9: Formation of a macroradical on a PP chain, resulting in β-scission  
 
5. 7. 3.  Thermal stability of organoclay 
5. 7. 3. a.  Introduction 
In its natural state, the clay exists as stacks of many platelets. Organoclays are 
formed by exchanging the original sodium ions with organic cations, usually an 
ammonium salt (chapter 1 and 2). The ammonium cation may have a hydrocarbon 
tail and other groups attached and is referred to as a surfactant due to its amphiphilic 
nature. 
 
In the case of Cloisite 15A, the quaternary ammonium salt is displayed in Figure 5-
10.  
 
 
 
 
Figure 5-10: Quaternary ammonium salt; HT: hydrogenated tallow. 
 
Several authors [33-35] have studied the degradation of alkyl ammonium 
organoclays by different characterization techniques such as Fourier transform 
infrared spectroscopy (FTIR), gas chromatography (GC), mass spectrometry (MS), 
pyrolysis, and the combination of these techniques.  
 
Cervantes-Uc et al. [36] investigated the thermal degradation of different 
commercially available organoclays by means of coupled TGA-FTIR 
measurements. Two main gas discharges were measured, situated at 345 and 427°C 
with very similar spectra by TGA-FTIR (Figure 5-11), as they showed bands related 
with O–H stretching, C–H stretching of aliphatic compounds and two broad bands 
centered at 1700 and 1488 cm−1. Figure 5-11 also shows the spectrum obtained at 
570°C, in which the bands related to OH groups as well as those situated at 1700 
Twin-screw extrusion of MMT filled PP : (re)processing and characterization 
 
 106 
and 1488 cm−1 remained but with lower intensity, whereas the bands corresponding 
to C–H stretching practically disappeared. 
 
 
Figure 5-11: IR spectra obtained at several temperatures for Cloisite 15A [37]. 
 
These studies already suggest that the surfactant between the silicate layers degrades 
upon heating. Some additional degradation measurements are performed on the used 
organoclay.   
5. 7. 3. b.  Additional thermal stability measurements 
The thermal stability of the virgin Cloisite 15A is additionally investigated by 
different TGA measurements, on a STA449 Netzsch apparatus under nitrogen 
atmosphere, with the following conditions: 
 
 First, a standard temperature program with a heating rate of 10°C to 550°C 
was applied, from which the results are shown in Figure 5-12.  
 
 Secondly, a temperature program was applied to simulate the degradation 
effect in the actual extrusion process. Off course, the effect of shear rate is 
not taken into account, as this would probably enhance the degradation. 
The sample was heated to 205°C, which is the barrel temperature of the 
extruder, at 10°C/min followed by an isothermal profile of 30 min at this 
same temperature. These results are shown in Figure 5-13. 
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Figure 5-12: Thermal stability of Cloisite 15A; TGA measurement displaying TG 
(mass loss) and DSC (heat transfer). 
 
The results of the first experiments are presented in Figure 5-12. Both the mass and 
heat transfer are shown. The measurement shows that the degradation of the clay 
starts just above 200°C (TG signal). The onset of degradation is usually calculated 
as the temperature where 2% mass loss occurs. For this measurement, the onset of 
degradation is at 231°C. The organoclay degradation finishes above 400°C, with a 
total mass loss of 33%.  Based upon the FTIR results from the literature, this mass 
loss is caused by the degradation of the surfactant. 
 
The second experiment is an actual simulation of the degradation during processing 
conditions. Figure 5-13 shows the different signals measured by the instrument: TG 
[%], DSC [mW/mg] and T [°C]. TG represents the mass loss of the sample and can 
be divided in three different zones: 
 Below 100°C, there is a first mass loss of 1.40% which corresponds with 
the evaporation of moisture in the MMT clay.  
 Upon reaching the maximum temperature of 205°C, one may note a sharp 
decrease in sample mass indicating the start of organoclay degradation.  
 Afterwards, this decrease continues, but at lower mass loss rate.  
The same trends are visible in the DSC curve on the same figure. A small 
endothermic peak is situated below 100°C and displays again the evaporation of the 
moisture. Upon heating above 150°C, the heat signal increases endothermic due to 
organoclay degradation. Afterwards, this signal flattens out. The total mass loss by 
organoclay degradation for this temperature profile can be estimated around 4.70%.  
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Figure 5-13: STA measurement of virgin Cloisite 15A MMT clay displaying TG 
(mass loss), DSC (heat transfer) and T (temperature) signal. 
 
 
This loss of organic molecules between the different clay platelets is believed to be 
the cause of loss in stiffness after multiple processing cycles. These organic cations 
worked as surfactants between the silicate surfaces of the clay and made it possible 
for the organic polymer to diffuse between the layers. The compatibilizer is believed 
to be still present on the surface of the silicate layers and hence no decrease in 
interlayer distance can be measured. However, the lack of both surfactant and 
polymer between the platelets reduce the stress transfer between the polymer and the 
MMT platelets and diminishes the stiffness after nine processing cycles.   
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5. 8.  CONCLUSIONS 
This chapter discusses the reprocessing of montmorillonite filled polypropylene 
materials by extruding up to 15 times. The materials were characterized by melt 
flow index, plate-plate rheometry, tensile and impact measurements, differential 
scanning calorimetry, X-ray diffraction  and scanning electron microscopy (SEM). 
These properties were compared with virgin PP and PP/PP-g-MA compatibilizer.  
 
X-ray diffraction results indicated an increase in interlayer distance with increasing 
reprocessing cycles for PP-MMT samples. The largest increase was situated 
between extrusion number 3 to 5. This corresponded with the maximum in 
mechanical properties (stiffness), which was also observed after 3 to 5 extrusions.  
 
Simultaneously, β-chain scission in the PP matrix was found, enhanced by the polar 
functional groups in the PP-g-MA compatibilizer for PP-COMP. This was shown 
experimentally by measuring the viscosity of the samples and by assessing the 
microstructure using SEM apparatus. The presence of MMT tempered the chain 
scissions in the PP matrix by sterical hinder. 
 
Further increasing the processing cycles (9+) lead to a decrease in elastic modulus 
and impact strength, which was attributed to a reduction in matrix-filler interaction, 
most probably caused by organoclay degradation at processing temperatures, as 
shown by different TGA measurements.  
 
A limited reprocessing of PP/MMT materials can thus improve the 
intercalation/exfoliation of the clay in the PP matrix and hence optimize the 
mechanical and morphological properties. When recycling these materials, one has 
to keep in mind the thermal history of the materials and the decrease in molecular 
weight. An interesting angle in future research could be the addition of virgin MMY 
and compatibilizer to re-enhance the affinity between the PP matrix and the MMT 
clay, despite the degradation of the matrix and surfactant.  
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Chapter 6  
 
CONCLUSIONS AND FUTURE RESEARCH 
This chapter summarizes the key findings of this doctoral research. Based 
upon these conclusions, suggestions are formulated for future research on the 
topic. 
 
6. 1.  CONCLUSIONS 
This doctoral research has studied the processing and the characterization of 
polymer/layered silicate nanocomposites through the technique of twin screw 
extrusion. Three main research questions were addressed: (i) What are the optimum 
processing parameters and material compositions for the production of 
polymer/layered silicate nanocomposites? How do the properties of the polymer 
matrix change upon addition of layered silicates? (ii) How does the twin screw 
configuration affect the properties of polymer/layered silicate nanocomposites? (iii) 
What is the effect of reprocessing on the properties of polymer/layered silicate 
nanocomposites? 
 
Preliminary tests proving the possibility to severely improve the mechanical 
properties of PP by adding small amounts of MMT were conducted. The stiffness 
was favoured by using a low screw speed, a low barrel temperature and a fixed feed 
rate. It was found that the ratio of 2:1 coupling agent to nanoclay resulted in the best 
mechanical properties. 
 
The mechanical properties showed a maximum in stiffness at 4 wt% MMT during 
an in-depth characterization (1602 ± 82 MPa for PP-MMT versus 1243 ± 32 MPa 
for virgin PP).  X-ray diffraction proved, by measuring lower diffraction angles, an 
increase in basal spacing between the silicate layers (intercalation) in comparison to 
virgin MMT (4.14 nm for PP-MMT (1 wt%) versus 3.60 nm for virgin MMT). 
Morphological characterization of the crystalline structure indicated smaller crystal 
sizes with the addition of MMT due to heterogeneous nucleation. CT experiments  
showed a good distribution on micrometer scale. Finally, the rheological properties 
were investigated and it was found that the zero shear viscosity was very dependent 
on the addition of MMT, while a more pronounced shear thinning behaviour could 
be observed in the higher shear rate region. 
 
These series of experiments lead to a “reference” PP-MMT for further investigating 
the effect of the screw configuration and the reprocessing. Table 6-1 shows the 
composition and extrusion parameters for this reference. This reference sample 
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reached the highest stiffness without compromising the impact strength and 
ductility. 
 
Table 6-1: Composition and extrusion parameters for the reference PP-MMT. 
Parameter Value 
Composition PP/COMP/MMT [wt%] 88/8/4 
Screw speed [rpm] 150 
Output [kg/h] 3 
Barrel temperature [°C] 205 
Elastic modulus [MPa] 1602 ± 82 
Izod impact strength [kJ/m²] 18.38 ± 0.88 
Elongation at break [%] 150.7 ± 97.9 
 
Before answering the remaining research questions, the modelling of the twin-
screw extrusion process was investigated. Based upon the polymer properties, 
operating conditions and screw (and die) geometry, an existing modelling software 
was used. This model was theoretically described and applied to the available twin-
screw. It was shown that restrictive elements are crucial in the melting behaviour, 
pressure profile, local residence time and mixing capacity of a twin-screw. 
 
This model was used as a tool to help determining the influence of the twin-screw 
configuration on the properties of MMT-filled polypropylene. Numerical 
simulations were made to quickly determine the relevant screw characteristics. The 
mechanical and morphological properties were observed and no significant 
differences in mechanical properties and interlayer distances could be observed, both 
with the reference PP-MMT and with 2 wt% MMT. It was believed that the ultimate 
state of intercalation was already largely reached in the melting zone of the extruder. 
The state of exfoliation is determined by a few parameters, amongst which the feed 
rate, screw speed and specific mechanical energy. The differences between the 
configurations proved to be too small to account for differences in mechanical and 
morphological performance. 
 
Finally, the effect of multiple extrusion (or reprocessing) on the properties of MMT-
filled PP was investigated. A limited reprocessing of PP/MMT materials 
demonstrated the ability to improve the intercalation/exfoliation of the clay in the 
PP matrix and therefore optimize mechanical and morphological properties. X-ray 
diffraction results indicated an increase in interlayer distance with increasing 
reprocessing steps for PP-MMT samples. The largest increase was situated between 
extrusion number 3 to 5. This corresponded with the maximum in mechanical 
properties (stiffness 1939 ± 186 MPa), which was also observed after 3 to 5 
extrusions. Simultaneously, β-chain scission occurred in the PP matrix, enhanced by 
the polar functional groups in the PP-g-MA compatibilizer. This was shown 
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experimentally by measuring the viscosity of the samples and by assessing the 
microstructure using SEM apparatus. Further increasing the processing steps (9+) 
lead to a decrease in elastic modulus and impact strength, which was attributed to a 
reduction in matrix-filler interaction, most probably caused by organoclay 
degradation at processing temperatures as shown by different TGA measurements.  
6. 2.  SUGGESTIONS FOR FURTHER RESEARCH 
This doctoral research has focused on the processing of polymer/layered silicate 
nanocomposites using twin-screw extrusion. Several research topics have been 
identified which would merit further research.  
 
The reprocessing of the composites showed that it is possible to increase the 
stiffness by limitedly re-extruding the samples. Further reprocessing lead to a 
reduction in stiffness and impact strength. It was believed that organoclay 
degradation reduced the matrix-filler interaction. Further research could investigate 
the re-introduction of virgin MMT clay and/or virgin compatibilizer during 
reprocessing. Important aspects to be considered are (i) the amount of virgin 
material and (ii) the timing of re-introduction.  
 
Another research topic which could be interesting is the use of layered silicates in 
the recycling of mixed polymer waste streams. These small particles could act at the 
boundary of immiscible polymers and could reduce the interfacial tension. This 
could prevent the expensive need of separating plastic waste streams before 
recycling them. 
 
Concerning the characterization of the PP-MMT compounds, a verification of the 
exfoliation using transmission electron microscopy would be worthwhile as there 
was no opportunity to verify this during current research work. Critical aspect here 
is the sample preparation as very thin slices of material have to be cut without 
damaging the sample. This could give valuable insights in the state of exfoliation in 
the samples as at this point only indirect proof (stiffness and interlayer distance) was 
given. 
 
The influence of the particle size distribution of the virgin clay was not 
investigated in this research. This could possibly influence the final morphology and 
properties of the composites.  
 
Finally, the calender settings in the extrusion processing of polymers is often of 
great importance due to different crystallization effects or stretching in the material. 
Further research could investigate the role of the different parameters of the chill 
rolls: (i) calendar speed, (ii) temperature and (iii) gap settings.  
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